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1.  BACKGROUND 

Railguns  have  the  potential  to  accelerate  macroparticles  of  gram  and  larger  projectile 
masses  to  velocities  higher  than  is  possible  with  conventional  chemical  propellants  or  light  gas 
guns.  This  was  demonstrated  by  Rashleigh  and  Marshall  in  1978*'^  when  they  accelerated  a  gram 
sized  projectile  to  a  velocity  of  approximately  6  km/s.  Numerous  attempts  to  exceed  this  velocity 
have  resulted  in  little  success^^l  A  major  Strategic  Defense  Initiative  (SDI)  program  was 
established  to  investigate  the  application  of  railgun  technology  to  a  very  high  velocity  (lOkm/s  or 
greater)  launch  system.  Based  on  a  large  number  of  railgun  experiments,  it  appears  that  there  is 
some  fundamental  mechanism  which  severely  limits  acceleration  at  velocities  greater  than  5  km/s. 
Most  experiments  indicated  that  the  plasma  armature  could  break  up  into  multiple  armatures 
(secondaries)  or  restrike  arcs  could  form. 

As  a  result  of  these  plasma  armature  problems  UTSI  and  SAIC  were  awarded  a  contract 
in  September  1986  to  develop  novel  diagnostic  techniques  and  improve  models  for  plasma 
armatures  in  railguns,  and  to  transfer  the  capabilities  developed  to  other  railgun  facilities.  UTSI 
was  tasked  to  develop  diagnostic  techniques  based  on  modem  laser  and  high-speed  optical 
spectroscopic  instmmentation  and  analysis  techniques.  Both  UTSI  and  SAIC  developed  models 
for  the  plasma  armature.  This  contract,  DASG-86-C-0121,  was  completed  in  August  1989  \^dth  a 
number  of  significant  accomplishments*^'.  A  brief  summary  of  these  accomplishments  is  listed 
below.  For  detailed  information  see  Reference  3  and  the  contract  publications  listed  therein. 

a)  A  railgun  facility  was  constructed  whose  sole  purpose  was  to  provide  advanced 
diagnostic  techniques  development  and  provide  an  understanding  of  the  physics  of 
railgun  armatures*^'. 

b)  Quartz  fiberoptic  probes  were  used  successfully  for  the  first  time  to  obtain  time- 
resolved  spectral  plasma  emission  directly  from  the  bore  of  a  railgun**'. 

c)  A  comprehensive  plasma  radiation  model  for  the  plasma  armature  was  developed  to 
permit  estimation  of  the  plasma  composition  and  plasma  temperature  from  the  time- 
resolved  spectral  measurements*'^'*®'. 

d)  New  deconvolution  methods  were  developed  for  rail  B-dot  probes  to  provide  better 
spatial  resolution  of  the  plasma  current  density  and  permit  direct  comparison  with  the 
optical  emission*®'. 

e)  A  new  phenomenological  model  of  the  plasma  armature  was  developed,  based  on  the 
optical  measurements,  which  suggested  that  complex  3-D  flow  could  lead  to  armature 
depletion  at  high  velocity. 

f)  Hybrid  armatures  were  proposed  as  a  method  to  prevent  armature  depletion  and 
primary  separation. 

g)  A  comprehensive  experimental  investigation  of  hybrid  armatures  established  that  the 
hybrid  armature  is  running  on  plasma  brushes  and  may  have  a  trailing  plasma  armature 
attached.  The  hybrid  armature  performance  and  efficiency  are  comparable  to  plasma 
armatures*'^'^®'. 

h)  A  two-arc  circuit  model  was  developed  which  led  to  recognition  that  separation  of  the 
primary  armature  fi'om  the  projectile  was  responsible  for  the  failure  of  several 
experimental  railguns  to  reach  their  predicted  performance*’'. 

As  a  result  of  these  accomplishments  which  expanded  the  understanding  of  performance 
limits  in  plasma  armature  railguns,  UTSI  proposed  further  experiments  and  modeling 
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developments  to  better  understand  the  role  of  secondary  arcs  in  performance  degradation  and  the 
mechanisms  responsible  for  separation  of  the  primary  arc. 

2.  INTRODUCTION 

The  detailed  measurements  obtained  during  the  first  contract  were  unprecedented  in 
railgun  experimentation,  and  have  led  to  several  important  advances  in  understanding  of  the  basic 
physical  processes  that  govern  the  plasma  armature.  Based  on  these  results  a  far  more  detailed 
picture  has  been  developed  for  the  dynamic  interactions  between  the  electromagnetic  forces,  the 
fluid  mechanics,  radiation  transport  and  ablation  that  determine  the  characteristics  of  the  plasma 
armature.  This  picture  reveals  that  the  armature  is  a  complex  three-dimensional 
magnetohydrodynamic  (MHD)  flow  that  continually  exchanges  mass,  momentum  and  energy 
through  boundary  layer  interactions  with  the  gun  bore. 

This  theoretical  picture  is  far  more  complex  than  the  simple  models  used  to  predict  plasma 
armature  railgun  performance  in  the  past.  It  offers  clues  to  the  reasons  why  railgun  experiments 
have  most  often  failed  to  achieve  velocities  significantly  higher  than  6km/s.  Furthermore,  this 
picture  of  the  armature  suggests  ways  in  which  these  velocity  limits  may  be  overcome,  and 
suggests  some  new  directions  for  the  development  of  hypervelocity  railguns.  A  combined 
experimental  and  theoretical  modeling  effort  must  be  focused  on  a  systematic  investigation  of  the 
phenomena  which  limit  railgun  velocity^^*'^'. 

2.1  Technical  Discussion 

Observations  of  the  time  resolved  emission  from  the  plasma  at  the  insulator  surface 
disclosed  a  brief  intense  pulse  of  radiation  which  decreased  to  much  smaller  values  during  the 
peak  values  of  plasma  current  density.  Analysis  of  these  signals  and  subsequent  observations 
obtained  at  the  rail  surface  revealed  that  insulator  ablation  products  shield  the  insulator  surface 
from  the  most  intense  radiation  from  the  armature.  Since  this  shielding  is  not  observed  at  the  rail 
surface,  the  conclusion  is  that  the  armature  has  considerably  different  boundary  layer  flows  on  the 
rail  and  insulator  surfaces.  Furthermore,  the  spectrum  observed  from  both  the  rail  surface  and  the 
insulator  surface  indicated  the  presence  of  significant  concentrations  of  copper  vapor.  These 
results  reveal  that  the  armature  flow  must  be  strongly  three-dimensional. 

A  consequence  of  the  dissimilar  characteristics  of  the  rail  and  insulator  boundary  layer 
flows  is  that  the  plasma  composition  is  not  homogeneous.  High  resolution  spectral  measurements 
revealed  considerably  different  concentrations  of  copper  near  the  rail  and  insulator  surfaces. 
Analysis  of  these  spectra  using  our  detailed  plasma  radiation  model  indicated  a  copper 
concentration  of  approximately  10%  at  the  insulator  surface  and  50%  or  greater  at  the  rail 
surface.  Additional  spectral  measurements  indicated  that  the  copper  concentration  is  not  constant 
along  the  length  of  the  armature  at  the  rail  surface  but  increases  with  distance  from  the  projectile 
base. 

These  observations  require  further  consideration  of  the  consequences  resulting  from  the 
dissimilar  rail  and  insulator  boundary  layer  flows.  At  the  insulator,  when  the  surface  has  been 
shielded  from  the  intense  radiation,  a  relatively  cold  and  nonconducting  boundary  layer  develops 
in  which  the  hydrostatic  pressure  gradient  in  the  plasma  is  not  balanced  by  the  electromagnetic 
JxB  force.  Since  the  pressure  gradient  is  very  large  (tens  of  Kbar/m),  a  large  mass  flow  develops 
in  the  boundary  layer  which  removes  material  from  the  moving  armature.  The  material  lost  from 
the  armature  must  be  replenished  for  the  armature  to  remain  intact.  Some  ablated  insulator 
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material  may  be  entrained  into  the  armature  near  the  base  of  the  projectile,  but  material  is  most 
easily  entrained  through  the  rail  boundary  layer  where  the  JxB  forces  extend  all  the  way  to  the  rail 
surface.  Rail  material  is  likely  to  be  ejected  into  the  boundary  layer  as  molten  droplets  or  dense 
vapor  and  can  overcome  the  viscous  drag  to  become  entrained  in  the  moving  armature.  This 
results  in  a  three-dimensional  flow  where  mass  enters  the  armature  through  the  rail  interface  and 
is  lost  from  the  armature  along  the  insulator  surface. 

Although  these  observations  are  significant  and  suggest  a  mechanism  which  may  limit 
velocity,  they  do  not  explain  the  occurrence  of  secondary  arcs  or  arc  restrike  which  has  been 
observed  in  conjunction  with  the  velocity  limit.  Although  restrike  and  secondary  arcs  have  been 
detected  using  B-dot  probes,  there  is  little  information  on  the  dynamics  when  current  shifts  from 
the  primary  to  the  secondary  arc. 

If  mass  loss  from  the  armature  is  found  to  play  a  role  in  the  promotion  of  restrike  and 
velocity  limits,  then  there  are  changes  in  the  bore  structure  and  in  projectile  design  which  could  be 
investigated  to  overcome  this  limitation.  The  role  of  insulator  ablation  products  on  the  fluid 
mechanical  and  radiative  structure  of  the  insulator  boundary  layer  is  important  in  determining  the 
rate  of  mass  loss  along  the  insulator  boundary.  Large  ablation  rates  will  thicken  and  cool  the 
boundary  layer,  leading  to  increased  mass  flow  along  the  insulator,  but  much  of  the  mass  loss  in 
the  boundary  layer  may  just  be  the  ablation  products.  On  the  other  hand,  if  ablation  were  reduced 
to  zero,  the  boundary  layer  would  be  thinner  and  hotter  and  the  mass  loss  would  be  reduced,  but 
all  of  the  mass  loss  would  come  from  the  armature.  The  details  of  this  complicated  interaction 
must  be  well  understood. 

If  replenishment  of  the  armature  material  from  the  rail  surfaces  becomes  insufficient  at 
high  velocity,  then  new  projectile  designs  could  be  used  to  supply  the  armature  mass  directly  from 
the  projectile. 

2.2  Research  Objectives  and  Approach 

The  primary  objective  was  to  develop  a  comprehensive  understanding  of  restrike 
(secondary  armature  development),  and  the  complex  fluid  mechanical,  electromagnetic  and 
radiative  processes  which  govern  the  plasma  armature  at  limiting  velocities.  This  understanding 
can  lead  to  new  experimental  design  approaches  to  overcome  the  current  railgun  velocity  limits.  A 
second  objective  of  this  investigation  was  the  evaluation  of  new  projectile  designs  that  can 
provide  alternate  sources  of  ablated  material  to  protect  insulator  walls  and  replenish  the  armature 
mass. 

A  comprehensive  experimental  investigation  of  restrike  phenomena  and  the  effects  of 
boundary  layer  flows  was  conducted  at  velocities  near  the  current  velocity  limit.  Hybrid  armatures 
and  innovative  new  projectile  designs  that  which  facilitated  the  replenishment  of  material  into  the 
plasma  armature  at  high  velocity  were  also  investigated.  Both  of  these  studies  utilized  advanced 
optical  and  spectroscopic  diagnostic  techniques  to  characterize  the  plasma  armatures  and  the 
interaction  of  the  plasma  with  the  advanced  projectile  designs. 

The  experimental  investigations  were  integrated  with  the  development  of  an  analytical 
model  designed  to  elucidate  the  effects  of  ablation  and  boundary  layer  flow.  The  model  utilized  a 
two-dimensional  numerical  magnetohydrodynamic  (MHD)  code  together  with  separate  boundary 
layer  calculations  to  supply  the  required  boundary  conditions  for  the  numerical  code.  The 
experimental  investigation  relied  heavily  on  the  advanced  optical  and  spectroscopic  diagnostic 
techniques  developed  at  UTSI.  Most  of  the  experimental  investigation  was  conducted  at  UTSI, 
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and  required  upgrade  of  the  facility  to  permit  experiments  at  higher  velocity.  Additional  tests  were 
conducted  at  the  Westinghouse  Thunderbolt  railgun. 

Basic  studies  of  the  armature  and  restrike  physics  were  conducted  at  the  UTSI  facility. 
Diagnostic  instrumentation  and  data  analysis  techniques  developed  at  UTSI  were  applied  at  the 
Westinghouse  facilities  to  validate  experimental  results  at  higher  velocity  in  larger  railguns. 
Scaling  effects  due  to  increased  bore  size  were  conducted  on  the  Thunderbolt  railgun  which  has  a 
bore  diameter  nearly  five  times  larger  than  the  UTSI  gun. 

2.3  Research  Tasks 

a)  Upgrade  of  the  UTSI  Railgun  The  original  UTSI  railgun  consisted  of  a  two  meter 
containment  structure  of  which  only  one  meter  was  used  for  electromagnetic 
acceleration.  The  other  meter  was  used  for  the  light  gas  gun  injector.  A  separate 
injector  was  fabricated  and  the  full  two  meters  were  used  for  a  nominal  10mm  round 
bore  railgun.  A  NASA  owned  240  kJ  capacitor  power  supply,  nearly  identical  to  the 
current  UTSI  power  supply.  Was  obtained  on  loan  which  doubled  the  stored  energy  to 
480  kJ.  The  increased  energy  storage  and  increased  barrel  length  permitted 
experiments  to  be  performed  at  velocities  where  secondary  arc  formation  limited 
performance.  The  additional  meter  of  railgun  was  also  be  instrumented  for  B-dot 
probes  and  in-bore  diagnostic  probes  which  required  additional  high  speed  data 
acquisition  channels.  Conversion  to  a  round-bore  configuration  facilitated  projectile 
sealing  and  improved  the  information  gained  from  laser  transmission  measurements, 
but  it  required  fabrication  of  a  honing  machine  to  finish  the  bore  after  assembly.  Barrel 
design  and  fabrication  techniques  were  based  on  SNL  and  LLNL  experience  to 
minimize  cost  and  schedule. 

b)  Experimental  Restrike  Investigation  Restrike  had  been  identified  as  the  phenomenon 
which  limited  railgun  velocity.  The  way  in  which  restrike  is  initiated  is  unknown,  but 
from  experiments  performed  with  free-running  arcs  it  appears  to  be  closely  associated 
with  bore  ablation.  No  experiments  have  been  performed  to  characterize  the  bore  gas 
conditions  prior  to  restrike,  or  to  study  the  dynamics  of  multiple  arcs  in  railgun. 

We  will  conduct  an  extensive  study  of  restrike  arcs  using  the  optical  and 
spectroscopic  measurements  to  determine  the  composition  and  thermal  state  of  the 
plasma  during  restrike.  The  arrays  of  emission  probes  and  B-dot  probes  will  be  used  to 
characterize  the  dynamics  of  multiple  arcs.  These  experiments  should  offer 
considerable  insight  into  the  physical  processes  leading  to  restrike,  and  lead  to  new 
approaches  for  preventing  its  occurrence. 

c)  Innovative  Projectile  Designs  A  number  of  previous  studies  have  suggested  that 
hybrid  armatures  having  plasma  brushes  and  a  metallic  core  could  reduce  rail  ablation 
and  provide  efficient  acceleration  to  6  km/s  or  greater.  Few  experiments  have  been 
performed  with  hybrids,  and  there  has  been  no  characterization  of  the  plasma  brushes. 
We  will  perform  experiments  to  determine  the  evolution  of  the  plasma  brushes  as 
material  is  ablated  from  the  metallic  armature  and  the  plasma  brushes  thicken.  It  is  not 
clear  that  the  plasma  will  remain  confined  to  the  metallic  armature  region  and  may 
detach  from  the  metal  armature  at  some  point.  These  experiments  will  be  designed  to 
characterize  the  plasma  brushes  and  determine  whether,  and  under  what  conditions, 
the  plasma  brushes  detach  from  the  metallic  armature  to  form  a  normal  plasma 
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armature.  We  will  use  our  diagnostic  instrumentation  to  determine  whether  a  portion 
of  the  arc  can  be  made  to  attach  to  the  projectile,  and  the  efficiency  with  which 
material  can  be  injected  or  ablated  into  the  plasma. 

d)  Analytical  Studies  It  is  clear  from  the  spectroscopic  measurements  obtained  from 
both  the  rail  and  insulator  that  the  boundary  layers  have  considerably  different 
composition  and  radiative  characteristics.  Optical  shielding  of  the  insulator  surface 
results  in  a  cooler  boundary  layer  that  reduces  the  electromagnetic  force  near  the 
insulator  surface  and  promotes  mass  loss  from  the  armature.  All  of  the  current  models 
of  plasma  armatures  have  neglected  these  effects.  Current  efforts  to  model  the  plasma 
armature  using  two-dimensional  MHD  numerical  codes  treat  only  the  rail-to-rail  and 
axial  directions  and  will  not  provide  insight  into  this  important  effect. 

We  will  develop  a  two-dimensional  MHD  code,  similar  to  the  one  we  developed 
earlier  for  electrodeless  arcs  to  study  the  coupling  of  the  insulator  boundary  layer  flow 
and  the  current  distribution  in  the  armature.  This  model  will  provide  a  basis  for 
interpretation  of  our  detailed  spectroscopic  measurements  and  insight  into  ways  in 
which  this  mass  loss  mechanism  can  be  controlled.  The  Atlanta  office  of  SAIC,  under 
the  direction  of  Dr.  Jad  Batteh,  has  been  developing  detailed  MHD  boundary  layer 
analyses  to  provide  suitable  rail  boundary  conditions  that  can  be  used  for  the  two- 
dimensional  MHD  codes.  We  propose  to  enlist  their  considerable  expertise  in  this  area 
through  a  subcontract  to  develop  similar  boundary  layer  analyses  which  can  provide 
suitable  boundary  conditions  for  the  code  to  be  developed  at  UTSI. 

e)  Sandia  National  Laboratory  Experiments  The  upgraded  UTSI  rmlgun  will  provide  a 
facility  to  conduct  experiments  into  the  5-6  km/s  range  where  restrike  limits  velocity. 
Experiments  at  higher  velocity  will  require  a  more  advanced  facility.  The  SNL  railgun 
avoids  the  ablation  induced  restrike  regime  by  injecting  the  projectile  at  velocities 
exceeding  the  current  velocity  limit,  approximately  7-8  km/s.  Currently,  this  gun  has 
operated  successfully  on  limited  energy  as  part  of  a  systematic  development  program 
to  insure  reliable  fusing  in  the  hydrogen  driver  gas.  It  is  designed  to  operate  at 
velocities  of  12-15  km/s  and  will  most  likely  provide  the  first  opportunity  to 
characterize  plasma  armatures  at  velocities  in  excess  of  6  km/s. 

The  SNL  railgun  was  originally  designed  to  accept  quartz  optical  fiber  probe 
penetrations  of  the  design  developed  for  the  UTSI  gun,  and  can  be  instrumented  with 
relative  ease.  We  will  transfer  our  diagnostic  instrumentation  and  scientific  and 
technical  personnel  to  SNL  and  perform  experiments  there.  We  will  supply  one  or 
more  optical  multichannel  analyzers  (OMA),  a  streak  camera  system,  optical  detectors 
and  laboratory  equipment  required  to  perform  optical  calibrations.  We  have 
considerable  experience  in  conducting  this  kind  of  off-site  experimentation,  and  would 
require  approximately  two  weeks  on-site  to  perform  the  necessary  system  integration, 
calibration  and  data  acquisition.  Data  acquired  during  the  experiments  would  be 
returned  to  UTSI  for  reduction  and  analysis  using  our  detailed  radiation  models. 

f)  Thunderbolt  Experiments  There  has  been  considerable  speculation  that  large  bore 
guns  will  not  experience  the  same  problems  as  smaller  systems  with  regard  to  restrike 
and  ablation  limited  performance.  Currently,  the  Thunderbolt  facility  operated  by 
Westinghouse  at  Milpitas,  California  offers  the  best  opportunity  to  characterize  high 
velocity  plasma  armatures  in  a  larger  bore  railgun.  Instrumentation  of  this  gun  will  be 
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more  difficult  since  no  provisions  were  made  for  diagnostic  penetrations  in  the  original 
design.  However  if  the  gun  structure  can  be  modified  to  accept  our  quartz  optical 
fibers,  then  we  would  propose  to  conduct  off-site  experiments,  similar  to  those 
described  in  task  f  using  the  Thunderbolt  railgun. 

3.  RAILGUN  FACILITY,  UPGRADES  AND  GUN  CONFIGURATIONS 

The  importance  of  a  dedicated  railgun  facility  for  instrumentation  and  diagnostic  technique 
development  was  demonstrated  during  the  first  contract.  In  this  investigation  it  was  necessary  to 
upgrade  the  performance  capability  of  the  UTSI  railgun  to  allow  armature  performance 
diagnostics  at  velocities  where  arc  restrike  or  secondary  armature  development  limit  performance. 
Following  the  experimental  facility  development  philosophy  fi’om  the  initial  investigation, 
maximum  use  of  existing  hardware,  fabrication  techniques  and  experience  of  previous  researchers 
were  utilized  to  upgrade  the  UTSI  facility. 

A  total  of  3.5  meters  of  gun  containment  structure  had  been  obtained  fi'om  the  Lawrence 
Livermore  National  Laboratory  but  only  2.2  meters  was  used  for  the  initial  gun.  Increased  energy 
storage  was  needed  to  power  the  planned  2.4  meter  railgun  and  provide  velocity  performance 
above  4  km/s.  A  240  kJ  capacitor  discharge  power  supply  was  available  from  NASA  Lewis 
Research  Center  for  loan  to  this  project.  Thus  a  2.4  meter,  10  mm  diameter  round  bore  railgun 
was  designed  for  the  total  480  kJ  capacitor  driven  power  supply. 

To  insure  the  correct  current  pulse  length  and  to  provide  flexibility  for  the  pulse  shape, 
UTSI  enlisted  the  support  of  lAP  to  design  new  inductors  for  the  upgraded  facility.  Two,  four 
sectored  toroidal  inductors  were  fabricated  and  provided  40  pH  of  inductance  in  each  sector. 
Since  the  two  power  supplies  had  a  total  of  eight  modules,  each  module  was  connected  to  a 
separate  inductor  allowing  flexible  pulse  shaping.  The  independent  power  supplies  and  inductors 
were  very  important  for  the  augmented  railgun  to  allow  independent  current  pulses  for  primary 
and  augmenting  rails.  The  toroidal  inductor  also  has  the  additional  important  feature  of 
minimizing  the  external  field  which  allowed  the  instrumentation  and  control  systems  to  remain  in 
the  same  room  with  the  gun  and  power  supplies. 

The  same  single-stage  light  gas  gun  was  used  to  preinject  the  projectiles  into  the  railgun  at 
nominal  velocities  of  1.0  km/s.  The  entire  3.5  meters  of  gun  barrel  was  finished  round  and  straight 
to  a  very  high  tolerance  by  a  lapping  machine.  The  ability  to  finish  or  recondition  the  bore  before 
each  shot  was  very  important  to  experimental  repeatability.  The  UTSI  designed  lapping  machine 
provided  a  high  quality  bore  from  the  light  gas  injector  to  the  railgun  muzzle.  Procedures  were 
developed  for  cleaning  the  bore  after  lapping  to  assure  that  there  were  no  residues  remaining  in 
the  bore.  A  final  flush  with  acetone  followed  by  vacuum  drying  produced  a  clean  bore.  A  gun 
bore  reconditioned  by  this  system  seldom  produced  secondary  armatures,  but  a  “dirty”  barrel 
would  almost  assure  development  of  a  secondary  armature.  The  facility  diagnostics  range  and 
catch  tank  were  expanded  to  improve  muzzle  velocity  measurement  and  projectile  diagnostics. 
The  entire  gun,  range  and  catch  tank  were  evacuated  and  filled  to  one-half  atmosphere  of  helium 
for  operational  safety. 

Four  gun  barrel  configurations  were  developed  for  the  investigations  conducted  under  this 
contract.  Each  configuration  will  be  briefly  described  below  along  with  the  rational  for  the 
configuration. 

a)  Subscale  Thunderbolt  Since  the  full-scale  Thunderbolt  railgun  was  too  expensive  to  use  for 
developing  diagnostic  instrumentation,  the  first  UTSI  bore  was  designed  as  an  approximate 
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20%  subscale  of  Thunderbolt.  The  Glidcop  copper  rails  and  Combat  boron  nitride  insulators 
were  designed  to  provide  a  strong,  gas-tight  bore.  (Figure  1)  Torlon  tape  was  used  between 
the  rails  and  insulators  for  compliance  and  stress  relief  during  structural  clamping.  The  finish 
lapping  of  this  bore  configuration  was  difficult  due  to  the  low  shear  strength  of  the  boron 
nitride.  This  high  temperature  ceramic  has  high  compressive  strength  but  lacked  the  surface 
hardness  to  resist  mechanical  erosion.  A  discussion  of  experiments  results  from  this  gun  are 
presented  in  section  5.1. 


Fig.  1 .  Subscale  Thunderbolt  Bore  Cross  Section. 


b)  Transaugmented  Railgun  The  poor  performance  obtained  from  the  subscale 
Thunderbolt  configuration  influenced  the  decision  to  design  an  augmented  railgun.  The 
augmentation  would  provide  increased  performance  without  excessive  bore  currents 
and  barrel  erosion.  The  bore  cross-section  shown  in  Figure  2  provides  a  configuration 
that  can  be  operated  as  a  conventional  railgun  with  the  outer  rails  unpowered  or  as  a 
separately  augmented  railgun  with  independent  power  supplies  for  the  primary  and 
augmenting  sets  of  rails.  The  G-9  insulator  material  was  selected  because  it  produced 
less  absorbing  materials  which  provided  good  optical  diagnostics  through  both 
insulator  walls  and  rails.  The  design  was  also  selected  for  ease  of  machining  and 
assembly.  The  wide  rails  however  produced  a  relatively  low  L'  and  M*  inductance 
gradients.  The  transaugmented  railgun  configuration  was  found  to  be  a  excellent 
research  tool  because  the  driving  magnetic  field  can  be  independently  varied  from  the 
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armature  current.  This  capability  proved  very  valuable  in  developing  and  validating 
loss  mechanisms  for  performance  models. 

c)  Muzzle  Fed  Railgu?j  The  augmented  configuration  described  above  could  also  be 
assembled  as  a  muzzle  fed  gun  by  connecting  the  inner  and  outer  rails  at  the  muzzle. 
This  configuration  feeds  current  from  the  breech  along  the  outer  rails  and  into  the 
inner  rails  at  the  muzzle.  This  configuration  was  proposed  by  Cowan^*^  to  eliminate  the 
velocity  skin  effect  and  suppress  secondary  arc  formation.  This  configuration  proved 
to  be  a  very  valuable  aid  in  the  understanding  of  the  importance  of  3-D 
electrodynamics.  (See  5.4) 

d)  High  L’  and  M'  Railgun  The  final  gun  configuration  of  this  investigation  was  a 
transaugmented  railgun  with  both  sets  of  rails  designed  for  significant  improvement  in 
L'  and  M*.  The  bore  cross-section  is  shown  in  Figure  3.  The  copper  rails  and  G-9 
insulators  were  selected  for  low  cost  fabrication  as  this  configuration  was  more 
difficult  to  manufacture  and  assemble.  Having  two  sets  of  augmented  gun  experiments 
on  different  inductance  gradient  configurations  also  provided  valuable  data  for 
understanding  the  performance  limitations  of  railguns. 
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Fig.  2.  Transaugmented  and  Mu2:zle-fed 
Railgun  Bore  Cross  Section. 


Fig.  3.  Cross  section  of  the  high  induc¬ 
tance  gradient  railgun. 

U  =  0.425  pH/m,  A/  =  0.35  uH/m. 


4.  INSTRUMENTATION  AND  DIAGNOSTIC  TECHNIQUES 

This  investigation  benefited  from  the  instrumentation  and  diagnostic  techniques  developed 
on  the  first  contract^^^  Primary  diagnostic  instrumentation  consisted  of  a  dense  array  of  B-dot 
electromagnetic  probes  oriented  to  primarily  sense  rml  current.  Armature  current  and  primary 
field  probes  were  also  used  to  analyze  the  axial  variation  of  current  and  field  density.  Quartz 
optical  fibers  provided  in-bore  diagnostics  where  necessary  to  supplement  the  B-dot  data.  The 
railgun  facility  contained  a  complete  set  of  conventional  instrumentation  for  measuring  electrical 
circuit  parameters.  Power  supply,  breech  and  muzzle  voltages  were  measured  and  recorded  with 
high  frequency  digitizers.  Both  primary  and  augmentation  currents  were  measured  with  calibrated 
Rogowski  coils  and  recorded  with  the  high  frequency  data  acquisition  system.  Two  piezoelectric 
pressure  transducers  were  located  at  the  end  of  the  light  gas  injector,  just  before  the  breech  of  the 
rails,  to  measure  driving  pressure  and  provide  injection  velocity.  These  pressure  signals  were  used 
to  initiate  the  data  acquisition  system  and  fire  the  power  supplies.  Muzzle  velocity  was  measured 
by  break  wires  in  the  first  contract.  An  electromagnetic  measurement  system  (MAVIS)  was  used 
for  accurate  projectile  velocity  determination  in  the  upgraded  facility.  All  data  were  acquired  by 
LeCroy  and  DSP  Technologies  transient  digitizers  which  were  integrated  with  the  required  timing 
and  signal  conditioning  units  in  a  Camac  crate  under  the  control  of  a  PC. 

4.1  B-Dot  Probes.  Rail.  Armature  and  Primary  Field 

The  2.4  meter  railgun  was  instrumented  with  23  B-dot  probes  equally  spaced  100mm 
apart  oriented  to  sense  rail  current.  Three  additional  B-dot  probes  were  located  to  measure 
primary  armature  current  in  a  region  of  the  gun  where  armature  separation  was  likely  to  occur. 
Two  more  probes  were  located  in  the  same  region  to  measure  the  primary  driving  field.  This  total 
of  28  B-dot  probes  in  2.4  meters  of  railgun  assured  that  the  complete  evolution  of  the  armature 
would  be  measured  during  each  experiment.  The  calibrated  Rogowski  coil  was  used  to  calibrate 
the  B-dot  probes.  This  required  a  careful  set  of  experiments  for  the  augmented  railgun  due  to  the 
influence  of  the  augmenting  current  on  the  probes.  The  influence  of  the  augmenting  rail  current 
was  subtracted  from  the  B-dot  signals  to  obtain  armature  or  rail  current  profile.  Several  reports  by 
Smith  and  Evans  documented  the  modeling  and  analysis  techniques  necessary  to  obtain  true 
armature  current  distribution  from  the  calibrated  B-dot  signals^'^'**’ 

4.2  Position  and  Velocity  from  B-Dot  Probe  Signals 

In  railguns  with  limited  B-dot  probes  it  is  desirable  to  be  able  to  determine  accurate 
armature  position  and  velocity  from  a  single  probe.  Smith  and  Evans  developed  a  cross¬ 
correlation  method  to  establish  the  armature  position  and  velocity  from  a  single  B-dot  probe^'^’**^ 
This  method  was  validated  in  the  UTSI  railgun  where  the  dense  B-dot  airay  provided  good 
position  and  velocity  data  for  comparison.  Numerous  models  and  experimental  emission 
measurements  have  demonstrated  that  the  armature  profile  has  a  sharply  rising  leading  edge 
immediately  behind  the  projectile.  This  suggests  a  model  of  the  leading  edge  of  the  armature 
current  as  a  step  function.  With  this  approximation,  the  initial  shape  of  the  B-dot  probe  voltage 
pulse  is  the  step  function  response  of  the  probe,  scaled  by  the  velocity  at  which  the  armature  is 
moving.  This  information  can  be  used  to  determine  both  the  time  of  passage  and  the  velocity  of 
the  leading  edge  of  the  arc.  A  series  of  step  function  probe  responses  are  calculated  over  a  range 
of  velocities.  These  generated  curves  are  then  compared  with  experimental  data  by  means  of  a 
local  area  cross-correlation  coefficient. 
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Results  of  the  data  analyzed  with  this  method  have  been  shown  to  provide  accurate 
estimates  for  the  time  of  passage  of  the  arc.  Velocity  obtained  with  this  technique  differs 
somewhat  from  that  obtained  from  the  position  versus  time  data.  Of  particular  note  is  the  fact  that 
velocity  estimates  prior  to  total  gun  current  maximum  fall  below  those  found  by  position  data 
curve  fit.  This  indicates  that  the  step  function  model  for  the  leading  edge  of  the  arc  is  not  valid  at 
these  times.  An  improved  leading  edge  current  model  derived  from  experimental  B-dot  probe  data 
could  provide  an  accurate  one-probe  velocity  measurement. 

4.3  In-Bore  Fiber  Optic  Probes 

The  use  of  in-bore  quartz  fiber  optic  probes  to  obtain  emission  intensity  and  spectra 
provided  valuable  insight  into  the  nonuniform  and  three-dimensional  nature  of  plasma  armatures. 
Extensive  use  of  fiber  optic  probes  was  planned  for  the  secondary  armature  investigation. 
However  the  lapped  and  cleaned  bore  of  the  UTSI  railgun  did  not  produce  secondary  or  restrike 
arcs.  We  did  see  primary  armature  separation  from  the  projectile  near  the  muzzle,  but  the 
armature  remained  intact.  Fiber  optic  probes  were  made  for  the  LLNL  and  Thunderbolt  railguns. 
However,  the  LLNL  gun  ceased  operation  before  data  could  be  obtained  on  armatures  at  high 
velocity.  The  optical  probes  were  used  in  the  Thunderbolt  railgun,  and  the  data  obtained  was 
similar  to  data  from  the  UTSI  gun.  Boron  nitride  insulators  did  not  provide  a  good  environment 
for  optical  data  due  to  the  mechanical  erosion  of  boron  nitride  powder  into  the  bore.  This  material 
prevented  most  of  the  emission  from  reaching  the  insulator  walls. 

The  experimental  investigations  conducted  during  this  contract  emphasized  the  augmented 
railgun  configuration  which  is  difficult  to  instrument  for  optical  probes  through  the  rail.  The  risk 
of  shorting  between  the  augmenting  and  primary  rails  at  the  optical  penetrations  was  considered 
too  large,  and  therefore  rail  emission  data  were  not  obtained.  We  still  believe  in  the  value  of 
optical  data  for  both  emission  intensity  and  spectral  content,  and  we  would  recommend  the 
technique  for  future  investigations  into  primary  armature  separation. 

4.4  MAVIS  Electromagnetic  Projectile  Velocity  Measurement 

The  accurate  measurement  of  projectile  muzzle  velocity  is  essential  for  understanding  the 
behavior  of  the  plasma  armature  during  launch.  B-dot  probes  have  traditionally  been  used  to 
estimate  projectile  velocity.  However  our  experimental  data  has  shown  that  the  primary  armature 
can,  and  often  does,  separate  from  the  projectile^^"’'.  A  MAVIS  electromagnetic  transducer 
velocity  measurement  system  was  fabricated  based  on  a  LLNL  design,  and  it  was  located  80  cm 
from  the  muzzle  in  the  flight  range.  MAVIS  consists  of  a  nonconducting  tube  which  contains  two 
coils  mounted  inside  two  permanent  magnets  separated  by  a  sufficient  distance  to  yield  an 
accurate  velocity  measurement.  A  small  aluminum  foil  on  the  nose  of  the  projectile  induces  a 
current  pulse  in  the  coils  when  the  projectile  foil  alters  the  magnetic  field  of  the  permanent 
magnet.  As  long  as  the  projectile  flies  through  the  MAVIS  tube  a  good  velocity  measurement  is 
obtained.  This  rugged  muzzle  velocity  system  is  recommended  for  all  experimental  programs 
where  performance  diagnostics  depends  on  knowing  the  relative  velocities  of  the  armature  and  the 
projectile. 

4.5  PIN  Photodiode  Armature  Transition  Measurement 

Metal  armatures  provide  for  efficient  railgun  performance  at  lower  velocities,  however  as 
metal  armatures  are  pushed  to  higher  performance  levels  they  develop  plasma  brush  arcs  on  the 
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sliding  surfaces.  This  transition  from  sliding  metal-to-metal  contact  to  initiation  of  the  plasma 
contacts  is  defined  as  armature  transition.  For  improved  barrel  life  it  is  desirable  to  delay  armature 
transition  to  as  high  a  velocity  as  possible.  Thus  in  the  UTSI  solid  armature  experiments  accurate 
measurement  of  transition  was  considered  essential.  The  muzzle  voltage  signal  provides  a  good 
measurement  of  transition  by  showing  a  jump  in  muzzle  voltage.  The  transition  muzzle  voltage 
increase  is  often  seen  as  two  steps  as  the  two  contact  surfaces  transition.  In  the  augmented  railgun 
the  muzzle  voltage  was  influenced  by  the  augmenting  rail  fields,  making  the  armature  transition 
difficult  to  evaluate. 

Thus,  we  placed  a  PIN  diode  in  the  flight  range,  behind  MAVIS,  looking  down  the  barrel. 
The  initiation  of  transition  arcs  was  detected  by  the  PIN  diode,  and  comparison  of  muzzle  voltage 
signals  in  an  unaugmented  shot  with  the  diode  signals  showed  very  good  agreement.  During  the 
ring  armature  experiments^"''^*  the  PIN  diode  provided  valuable  transition  data  during  the 
augmented  shots.  Solid  and  hybrid  armature  performance  can  not  be  analyzed  properly  without 
accurate  transition  measurement.  Early  transition  of  solid  metal  armatures  nearly  always  results  in 
loss  of  performance. 

5.  EXPERIMENTAL  RESEARCH  SUMMARY 

During  this  contract  UTSI  conducted  six  major  experimental  investigations  on  three 
railgun  barrel  configurations.  This  section  will  present  a  brief  summary  of  the  experimental 
objectives,  results  and  conclusions.  More  complete  documentation  in  the  form  of  published 
reports  of  the  experimental  results  are  presented  in  Appendix  A. 

5.1  Subscale  Thunderbolt  Experiments 

The  occurrence  of  secondary  arcs  in  the  Thunderbolt  railgun  experiments  resulted  in  lower 
than  predicted  performance.  It  was  found  that  the  restrike  arc  referenced  in  many  railgun 
experimental  reports  was  in  most  cases  a  secondary  arc  which  developed  out  of  the  primary  arc. 
Increased  diagnostic  instrumentation  density  confirmed  that  the  secondary  arc  develops  off  the 
rear  of  the  primary  armature.  Early  experiments  with  limited  instrumentation  did  not  resolve  this 
evolution  and  the  secondary  arc  was  thought  to  be  a  restrike  in  the  trailing  gas  from  the  primary 
arc.  Once  UTSI  researchers  recognized  the  importance  of  the  secondary  arc  development  on 
performance  limits,  a  subscale  Thunderbolt  railgun  was  designed  for  the  UTSI  facility  to 
investigate  this  effect. 

This  railgun  has  been  described  in  section  3.  The  2.4  meter  long  barrel  and  10  mm  bore 
diameter  constructed  with  Glidcop  copper  rails  and  Combat  boron  nitride  insulators  provides  a 
good  20%  scale  Thunderbolt  configuration.  The  primary  experimental  objective  was  careful 
diagnostics  of  the  secondary  armature  development  using  both  B-dot  and  fiber  optic  probes.  Five 
shots  were  conducted  on  this  gun,  and  the  results  were  of  limited  value  due  to  the  unique 
properties  of  the  boron  nitride  insulators.  For  the  first  time  the  UTSI  railgun  produced  secondary 
arcs  which  grew  rapidly  in  strength  and  extinguished  the  primary  arc.  Performance  was 
significantly  reduced  due  to  the  secondary  armature  development.  Optical  data  was  not  useful  due 
to  the  erosion  of  boron  nitride  power  from  the  insulator  walls  which  significantly  reduced  the 
emission  signal  at  the  walls. 

During  reconditioning  of  the  bore  with  the  lapping  machine  it  was  found  that  the  boron 
nitride  was  too  soft  and  was  removed  much  easier  than  the  copper.  This  resulted  in  a  bore  that 
was  not  round.  Projectile  sealing  could  not  be  maintained  along  the  insulator  walls,  and  therefore 
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this  configuration  was  unacceptable  for  the  careful  evaluation  of  the  secondary  arc  development. 
The  full  scale  Thunderbolt  railgun  with  the  boron  nitride  insulators  produced  similar  results.  A 
high  temperature  insulator  must  also  have  sufficient  strength  to  resist  mechanical  erosion  for 
successful  application  to  railguns.  This  configuration  was  abandoned,  and  the  decision  was  made 
to  design  a  new  research  railgun  for  armature  research. 

5.2  Conventional  Raileun  Experiments  fLow  L*'! 

A  research  railgun  barrel  was  designed  to  provide  a  unique  configuration  for  the 
investigation  of  armature  and  railgun  performance  in  conventional,  augmented  and  muzzle  fed 
modes.  Copper  rails  and  G-9  insulators  were  chosen  for  ease  of  construction  and  good  optical 
diagnostic  properties.  The  bore  cross-section  was  described  in  section  3.  Careful  experiments 
were  performed  to  determine  the  self  inductance  of  the  primary  rails  and  the  mutual  inductance  of 
the  augmenting  rails^^'*®^  Conventional  railgun  experiments  were  performed  over  a  range  of 
maximum  currents  to  characterize  the  baseline  performance  of  the  gun.  Data  from  these 
experiments  was  used  to  develop  a  performance  model  for  the  railgun  and  provide  values  for 
ablation  drag  and  thermal  effects  (fusing  kick)^'''”'.  The  performance  model  included  the 
electromagnetic  force  (1/2  LT*2),  driving  gas  expansion,  fusing  pressure  pulse  and  ablation  drag. 

Results  of  these  experiments  are  presented  in  A- 12  where  both  the  conventional  and 
augmented  performance  are  compared.  One  gram  lexan  projectiles  with  aluminum  fuses  produced 
stable  plasma  armatures  with  no  secondary  arcs  when  the  bore  was  lapped  and  cleaned  between 
each  shot.  Thus  the  railgun  performance  was  expected  to  follow  the  model  since  the  known  loss 
mechanisms  were  included.  The  conventional  shots  showed  good  agreement  with  the  model  for 
the  first  60%  of  the  acceleration,  however  near  the  end  of  the  drive  the  armature  slowed  down. 
MAVIS  velocity  measurements  correlated  with  the  maximum  inbore  velocity  of  the  armature. 
This  data  indicates  that  the  primary  armature  is  separating  from  the  projectile  while  the 
electromagnetic  driving  force  is  still  greater  than  the  known  losses.  Primary  armature  separation 
results  in  a  significant  performance  loss  and  can  not  be  explained  by  any  of  the  losses  in  the 
performance  model. 

Thus  the  conventional  railgun  experiments  provided  data  for  validation  of  a  simple 
performance  model,  and  they  have  identified  a  new  performance  problem.  The  railgun  was  then 
operated  as  an  augmented  railgun  where  the  driving  magnetic  field  can  be  varied  independently 
from  the  armature  current. 

5.3  Transaugmented  Railgun  Investigation 

Operation  of  the  transaugmented  railgun  in  the  augmented  mode  requires  selection  of  the 
power  level  for  the  augmenting  rails  and  any  time  delays  between  primary  and  augmenting  power 
supply  triggering.  Two  primary  rail  current  levels  of  70  kA  and  100  IcA  were  selected  for  the 
augmented  test  series  with  augmenting  currents  of  30  kA  to  140  kA.  A  complete  summary  of  the 
experimental  results  are  presented  in  A-12.  Since  the  armature  current  was  held  constant  for  each 
of  the  augmented  test  series,  the  electrothermal  and  ablation  effects  modeled  should  not  be 
influenced  by  the  augmentation.  The  experimental  results  show,  however  that  performance  or 
efficiency  are  reduced  as  the  augmenting  current  is  increased.  Less  than  50%  of  the  increased 
electromagnetic  impulse  was  realized  at  the  higher  augmenting  currents.  Ablation  drag  and 
viscous  losses  can  not  explain  the  reduced  performance. 
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The  results  of  the  transaugmented  experiments  are  very  significant  since  they  show  that 
the  electromagnetic  force  model  or  one  or  more  of  the  loss  models  are  incorrect  or  missing.^^'*^ 
Further  experiments  with  augmented  railguns  may  help  understand  the  electrodynamic 
interactions  that  occur  in  railgun  structures,  the  MHD  interactions  that  take  place  in  plasma 
armatures,  and  the  complex  interactions  between  them. 

5.4  Muzzle  Fed  Railgun  Experiments 

The  UTSI  2.4  meter  railgun  was  reconfigured  so  that  current  was  fed  fi’om  the  breech  to 
the  muzzle  along  the  outer  rails  and  then  returned  to  the  armature  along  the  inner  rails.  This 
configuration  was  first  reported  in  the  Soviet  literature  and  was  thought  to  prevent  the  restrike  arc 
from  forming.  Experiments  were  performed  on  the  UTSI  muzzle  fed  gun  with  plasma  armatures 
at  peak  currents  of  70  and  100  kA.  At  a  peak  current  of  100  kA  the  measured  velocity  increase 
was  approximately  500  m/s,  which  is  less  than  one-half  of  the  velocity  increase  obtained  in  the 
conventional  gun  at  the  same  current  levels.  This  was  unexpected  since  the  muzzle  fed  railgun 
obtains  its  driving  field  from  the  outer  rails  with  M*  replacing  L'  in  the  force  equation. 

B-dot  probes  showed  that  the  armature  was  very  compact,  but  separated  from  the 
projectile  soon  after  fusing.  Analysis  of  the  B-dot  records  and  the  muzzle  velocity  from  MAVIS 
measurements  indicated  that  the  projectile  is  accelerated  by  the  fusing  kick  to  exit  velocity  while 
the  armature  accelerates  moderately  through  peak  current.  The  armature  velocity  never  reaches 
the  measured  projectile  exit  velocity.  Thus  we  concluded  that  the  armature  separated  from  the 
projectile  at  flising.  There  are  no  ablation  or  viscous  loss  mechanisms  that  can  explain  the 
performance  of  the  muzzle  fed  railgun.  We  thus  recognized  that  the  electromagnetic  force  relation 
derived  from  two-dimensional  theory  is  wrong.  Three-dimensional  electro-dynamic  effects 
resulting  in  eddy  currents  were  suspected  as  the  primary  loss  mechanism,  and  a  three-dimensional 
electromagnetics  analysis  of  armature  forces  was  initiated  using  the  MEGA^^’*  More  detml 
on  the  three-dimensional  electromagnetic  time  dependent  analysis  of  railgun  and  moving 
armatures  will  be  presented  in  section  6.4.  The  results  of  this  analysis  showed  that  the 
electromagnetic  force  on  the  armature  was  much  less  than  predicted  by  the  simple  force  model. 

The  muzzle  fed  railgun  proved  to  be  a  very  unacceptable  configuration  for  improved 
performance,  but  the  results  forced  the  railgun  community  to  recognize  that  three-dimensional 
electro-dynamic  effects  must  be  considered  as  one  of  the  performance  limiting  mechanisms.^'^'*^ 

5.5  High  L*  and  M*  Transaugmented  Railgun  Investigation 

When  the  UTSI  transaugmented  railgun  was  designed  the  bore  cross-section  was  selected 
for  ease  of  fabrication  and  assembly.  There  was  no  attempt  to  maximize  inductance  gradients  L' 
and  M'.  The  use  of  the  MEGA  code  at  UTSI  provided  an  opportunity  to  evaluate  improved 
electromagnetic  designs.  Considering  fabrication  and  assembly  constraints,  an  improved  barrel 
design  was  found  which  increased  L'  and  M*  approximately  50%.  The  bore  cross-sections  were 
presented  in  section  3. 

A  series  of  experiments  were  undertaken  to  determine  whether  the  velocity  performance 
of  an  augmented  railgun  scales  linearly  with  the  values  of  inductance  gradient.  The  two  bores  used 
in  these  experiments  had  the  same  containment  structure,  bore  materials,  and  bore  preparation. 
The  low  inductance  gradient  (LIG)  gun  had  calculated  values  of  L'  =  0.274  uH/m,  M*  =  0.249 
uH/m  and  the  high  inductance  gradient  (HIG)  gun  had  calculated  values  of  L'  =  0.425  uH/m,  and 
M'  =  0.350  uH/m.  Experiments  were  conducted  with  nearly  equal  current  levels  in  both  guns 
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using  a  novel  designed  solid  aluminum  ring  armatures.  The  measured  velocities  were  used  to 
determine  if  the  calculated  inductance  ratio  was  consistent  with  the  measured  performance 
improvement  ratio.''^'^ 

The  nominal  peak  armature  current  was  set  to  70  kA  for  the  experiments,  and  the  peak 
augmentor  current  was  varied  from  zero  to  140  kA.  The  experimental  conditions  were  held  as 
similar  as  possible  for  both  guns,  but  since  the  gun  inductance  was  larger  for  the  HIG  railgun,  the 
current  pulse  was  somewhat  longer.  Also  since  the  exit  times  for  the  projectiles  were  earlier  in  the 
HIG  gun,  the  electromagnetic  actions  were  different.  Thus  the  acceleration  rates  during  the  drive 
near  peak  current  were  selected  for  comparison  of  the  two  configurations.  The  aluminum  ring 
armatures  have  some  unique  operating  characteristics  which  complicated  the  performance 
comparison  and  will  be  discussed  in  the  next  section.  It  was  clear  that  the  performance  increase 
was  of  the  same  order  as  the  increase  in  the  calculated  inductance  gradient,  and  reaffirms  the 
importance  of  careful  electromagnetic  design  of  the  launcher  structure.  Because  the  influence  of 
armature  sliding  friction  appeared  to  be  smaller  in  the  experiments  with  large  augmentation,  the 
value  of  1.45  is  probably  a  reasonable  experimental  estimate  of  the  self  inductance  ratio,  and  is 
only  6.5%  less  than  the  MEGA  calculated  value  of  1.55.  Once  again,  with  solid  as  well  as  plasma 
armatures,  the  inability  to  accurately  quantify  drag  forces  makes  it  difficult  to  accurately 
determine  electromagnetic  force  from  acceleration  determined  from  B-dot  probes. 

5.6  Solid  and  Transitioning  Ring  Armature  Experiments 

The  continuing  stability  and  performance  problems  associated  with  plasma  armatures  led 
to  research  on  hybrid  armatures.  The  performance  benefits  demonstrated  with  hybrid  metal 
armatures  during  the  first  contract,*'^'^*’^  focused  research  efforts  on  solid  metal  armature 
configurations  which  can  operate  in  a  metal  to  metal  contact  mode  to  high  velocity,  thus  reducing 
bore  damage  and  providing  high  electromagnetic  efficiency.  A  controlled  transition  to  hybrid 
armature  operation  on  plasma  brushes  may  allow  the  solid  to  hybrid  transition  armature  to 
consistently  reach  high  velocity  with  better  performance  than  plasma  armatures.  Thus  UTSI 
initiated  a  solid  armature  investigation  with  both  experimental  and  analytical  techniques  to 
understand  solid  to  hybrid  armature  transition  physics.  A  review  of  solid  armature  experimental 
data  confirmed  a  consistent  failure  of  metal  to  metal  contact  at  relatively  low  velocity  around  one 
kilometer  per  second.  Very  limited  metal  to  metal  armature  contact  data  exists  for  velocity  above 
two  kilometers  per  second. 

A  unique  solid  armature  configuration  was  selected  for  this  investigation  based  on  three- 
dimensional  electromagnetic  analysis.  The  armature  design  requirements  included  minimizing 
velocity  skin  effects,  maximizing  useable  action  in  the  metal  and  improving  loading  or  normal 
forces  against  the  rail.  A  thin  metal  ring  armature  was  selected  for  evaluation  of  transition  and 
performance  characteristics.  Armature  action  at  transition,  velocity  at  transition  and  total 
electromagnetic  efficiency  were  evaluated  in  a  separately  augmented  (transaugmented)  railgun, 
where  the  effects  of  velocity  can  be  separated  from  action.  A  more  complete  understanding  of 
armature  transition  velocity  limits  was  the  primary  objective  of  this  investigation.  Performance 
evaluation  of  the  ring  armature  in  a  hybrid  mode  was  a  secondary  objective. 

Details  of  the  ring  armature  design  are  presented  in  reference  A-4.  The  aluminum  ring  was 
15  mm  long  for  stability  in  the  nominal  10  mm  bore.  The  wall  thickness  of  1.0  mm  was  selected 
based  on  an  action  requirement  of  100  kA  for  2.0  ms  which  yields  a  final  temperature  of  80% 
melting  temperature.  A  series  of  experiments  were  conducted  with  nominal  peak  armature  current 
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of  70  kA  and  augmenting  currents  of  0,  75,  100  and  140  kA.  Transition  time  was  recorded  using 
a  PIN  photodiode  looking  down  the  barrel  to  observe  the  plasma  emission.  Position  and  velocity 
was  obtained  from  the  B-dot  probes  in  the  gun  structure.  A  complete  summary  of  the 
experimental  data  is  presented  in  reference  A-4. 

The  ability  to  vary  injection  velocity,  armature  current  and  primary  magnetic  field 
independently  has  provided  a  new  set  of  transition  data  which  can  be  used  to  question  existing 
transition  models  and  develop  new  theories.  The  transition  physics  from  this  investigation  was  not 
independent  of  velocity.  However,  two  independent  velocity  related  effects  were  contained  in  the 
data  set.  Velocity  increase  resulting  from  increased  augmentor  current  resulted  in  higher  rail 
separation  forces  which  certainly  caused  earlier  transition  due  to  loss  of  contact  forces  on  the 
armature.  Data  from  reference  A-3  on  high  and  low  inductance  gradient  railgun  configurations 
supports  this  conclusion.  The  second  velocity  related  transition  effect  was  observed  in  the  low 
injection  velocity  shots.  Below  the  velocity  where  combined  friction  and  contact  resistance 
produce  a  liquid  metal  contact  boundary  layer,  significantly  more  electrical  action  can  be 
deposited  in  the  armature  before  transition.  Thus  the  fnctional  losses  at  the  armature  interface 
must  be  included  in  the  transition  model.  Velocity,  normal  force  and  current  density  all  influence 
the  nature  of  the  liquid  contact  layer.  Failure  to  maintain  a  thin  liquid  metal  contact  layer  results  in 
arcing  and  transition.  The  ring  armature  configuration  has  good  potential  for  a  high  velocity  solid- 
transitioning-hybrid  armature,  and  future  work  should  include  inertial  loading  to  assure  high 
contact  forces. 

6.  THEORETICAL  RESEARCH  SUMMARY 

Theoretical  analysis  of  experimental  observations  and  basic  railgun  physics  has  been  an 
integral  part  of  this  project  since  its  inception.  During  the  previous  contract,  this  activity  centered 
on  spectroscopic  and  radiation  transfer  calculations  to  allow  interpretation  of  the  experimental 
data  obtained  from  the  in-bore  optical  measurements.  Later,  some  signal  processing  analyses  were 
carried  out  to  improve  the  resolution  of  the  experimental  B-dot  probe  data  which  were  obtained 
from  the  early  square-bore  railgun  experiments.  A  performance  model  was  developed  which 
accounted  for  the  formation  of  secondary  arcs.  During  the  current  contract  the  theoretical 
analyses  have  focused  on  the  fundamental  electromagnetic  and  plasma  flow  processes  which 
control  and  limit  performance  in  electromagnetic  launchers.  Initially,  the  analyses  were  directed 
to  performance  models  used  to  interpret  the  experimental  results.  Later  theoretical  analyses  were 
directed  toward  detailed  simulations  of  the  transient  electromagnetic  interactions  in  the  railgun 
armature  and  structure,  and  detailed  simulations  of  the  fluid  flow  in  plasma  and  hybrid  armatures. 
These  detailed  simulations,  together  with  the  extensive  experiments  carried  out  with  the  UTSI 
transaugmented  railguns  have  led  to  a  much  more  complete  understanding  of  the  performance 
limits  observed  in  railgun  experiments  around  the  world. 

6.1  Two-Dimensional  MHD  Simulations 

Observations  made  on  the  Thunderbolt  railgun  and  the  subscale  UTSI  Thunderbolt  rdlgun 
highlighted  the  critical  importance  of  secondary  arc  formation  and  primary  arc  separation  in 
limiting  the  velocity  which  could  be  obtained.  This  was  confirmed  by  the  two-arc  performance 
model  developed  by  UTSI.*'^’‘‘*^  A  collaborative  effort  was  undertaken  with  Dr.  Robert  Tipton  at 
Lawrence  Livermore  National  Laboratory  to  use  the  MHD  computational  code  CALE  to  simulate 
the  complex  plasma  flow  in  railgun  plasma  armatures.  The  objective  of  this  effort  was  to  pro\dde 
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insight  into  the  physical  processes  which  lead  to  secondary  arc  formation  and  primary  arc 
separation. 

Two-dimensional  simulations  of  the  armature  flow  using  CALE  were  obtained  in  the  rail- 
to-rail  plane.  It  was  possible  to  simulate  the  primary  separation  that  was  observed  if  account  was 
taken  of  the  mass  eroded  from  the  projectile  by  fnctional  heating  from  the  rails.^'^'*^'  However, 
the  development  of  secondary  arcs  was  not  observed  in  the  simulations,  and  it  was  concluded  that 
three-dimensional  effects  were  likely  responsible  for  this  effect.  At  a  workshop  held  at  UTSI  it 
was  concluded  that  3-dimensional  simulations  were  too  difficult  to  attempt,  and  that  additional  2- 
dimensional  simulations  should  be  continued.  However,  we  continued  to  believe  that  additional 
2-dimensional  simulations  would  be  fioiitless,  and  began  3-dimensionaI  simulations  of  the 
electromagnetic  interactions  without  including  the  plasma  flow. 

6.2  Three-Dimensional  Electromagnetic  Simulations 

Comparison  of  railgun  performance  models  with  careful  measurements  made  in  the  UTSI 
transaugmented  railgun  began  to  bring  the  fundamental  assumptions  used  to  determine  railgun 
armature  force  into  question.  The  force  models  based  on  inductance  gradient  as  obtained  from 
circuit  analyses  were  inconsistent  with  a  series  of  UTSI  experiments  in  the  transaugmented  railgun 
made  in  which  the  armature  current  was  held  constant  while  the  augmenting  field  was  varied.  It 
was  suspected  that  neglect  of  velocity  induced  eddy  currents  was  responsible  for  the  breakdown 
of  the  models.  We  obtained  the  3 -dimensional  finite-element  electromagnetic  code  MEGA  from 
the  University  of  Bath,  and  began  to  analyze  the  transient  behavior  of  the  magnetic  fields  in  the 
railgun  structure  during  armature  motion.  These  studies  led  to  reduced  predictions  for  the 
electromagnetic  force  in  railguns  which  were  presented  in  an  award  winning  paper  at  the 
European  Symposium  on  Electromagnetic  Launch  Technology  at  Celle,  Germany  in  May  1993.^"^’ 
The  effect  of  eddy  current  generation  was  found  to  be  even  more  dramatic  in  the  case  of  the 
muzzle-fed  railgun  configuration.^''*’^  These  studies  showed  that  the  simple  models  for  force 
could  be  too  large  by  as  much  as  50%  and  culminated  in  a  Ph.D.  Dissertation  “The 
Electromagnetic  Armature  Force  in  Railguns”  by  Jaime  Taylor.^^*’*  The  simulation  studies  with 
MEGA  made  it  clear  that  realistic  simulations  of  the  plasma  armature  would  require  a  full  three- 
dimensional  MHD  simulation.  No  suitable  three-dimensional  codes  existed,  and  so  the 
development  of  a  suitable  MHD  code  was  undertaken  at  UTSI. 

6.3  Three-Dimensional  Plasma  Armature  Simulations 

Soon  after  the  UTSI/LLNL  simulations  were  completed,  Dmitri  Kondrashov  became  a 
Ph.D.  student  at  UTSI.  He  had  co-authored  a  paper  simulating  the  railgun  plasma  armature  in  the 
insulator-to-insulator  plane  while  in  Russia  at  the  High  Temperature  Institute  (IVTAN)  in 
Moscow.  The  basic  three-dimensional  Navier-Stokes  fluid  code  from  IVTAN  became  the  basis 
for  the  UTSI  MHD  code  named  MAP3.  A  three-dimensional  quasi-static  Maxwell  solver  was 
developed  to  integrate  with  the  fluid  code,  and  the  fluid  code  was  modified  to  include  radiation 
transport  and  surface  ablation  effects.  The  new  electromagnetic  solver  was  successfully 
benchmarked  against  the  MEGA  code  for  solid  armature  railgun  test  cases. 

MAP3  was  used  to  simulate  the  plasma  armature  flow  in  a  1  cm  square-bore  railgun.  In 
contrast  with  earlier  simulations,  the  simulation  domain  included  the  entire  region  from  breech  to 
projectile,  eliminating  the  uncertainty  in  specifying  boundary  conditions  at  the  rear  of  the 
armature.  The  results  of  this  simulation  were  startling.  The  two-dimensional  simulations  had 


16 


predicted  a  recirculating  flow  along  the  axis  of  the  railgun  to  the  base  of  the  projectile  and  then 
back  along  the  rails.  The  MAPS  simulation  showed  a  flow  forward  along  the  rails  to  the  base  of 
the  projectile  and  then  back  along  the  axis  of  the  railgun.  Thus,  the  recirculating  flow  was  in  the 
complete  opposite  rotation  sense  from  that  predicted  by  the  two-dimensional  simulations.  This 
effect  was  caused  by  the  nature  of  the  magnetic  field  diffusion  into  the  rails.  The  field  diffused 
faster  at  the  comers  of  the  rail  and  resulted  in  a  current  flow  which  was  stronger  near  the  insulator 
than  along  the  axis.  Because  of  the  off-axis  maximum  of  the  J  x  B  forces  the  plasma  was  forced 
forward  near  the  insulators  and  flowed  backward  along  the  axis.  The  results  of  this  simulation 
were  presented  at  a  second  award  winning  paper  at  the  Electromagnetic  Launch  Symposium  at 
San  Diego,  California  in  1993.^'''*^  Subsequently,  MAPS  was  used  to  simulate  the  flow  around  a 
hybrid  armature  and  predicted  the  strong  crossflow  components  of  flow  which  had  been 
postulated  on  the  basis  of  observations  on  recovered  hybrid  armatures  [Ref  8**"  EML  Symposium 
Baltimore  and  IEEE  Trans.  Mag.  Jan.  1997].  This  research  culminated  in  a  Ph.D.  Dissertation, 
“3-D  MHD  Plasma  Armature  Railgun  Simulations”  by  Dmitri  Kondrashov.^'^'** 

Although  the  startling  differences  revealed  in  the  MAPS  simulations  of  the  plasma 
armature  suggested  a  mechanism  for  the  formation  of  secondaiy  arcs,  no  secondary  formation 
was  observed  in  the  simulation.  The  mechanism  for  formation  of  the  secondary  arc  is  the 
convective  transport  of  high  temperature,  electrically  conducting  plasma  to  the  rear  of  the 
armature  by  the  rearward  flow  along  the  axis  of  the  railgun.  This  conducting  region  at  the  rear  of 
the  armature  can  evolve  into  a  secondary  if  ablated  material  from  the  rail  and  insulator  becomes 
entrained  between  the  front  and  rear  of  the  expanding  armature.  The  failure  to  observe  this 
evolution  in  the  initial  simulations  resulted  from  the  lack  of  sufficient  computer  memory  and  speed 
to  carry  a  computation  a  sufficient  distance.  Recently,  the  simulation  has  been  run  on  a  larger 
computer,  and  the  full  evolution  of  the  single  armature  into  separate  primary  and  a  secondary  arcs 
was  observed  when  the  projectile  reached  a  distance  of  Im  and  velocity  of  approximately  2  km/s, 
consistent  with  observations  in  the  UTSI  square  bore  railgun  [IEEE  23rd  ICOPS,  Boston,  1996]. 

Therefore,  at  the  end  of  this  investigation  theoretical  analyses  and  computer  simulations, 
together  with  carefully  controlled  experiments,  have  enabled  us  to  understand  the  physical 
processes  responsible  for  several  of  the  velocity  limiting  processes  observed  in  railgun 
experiments:  overestimation  of  electromagnetic  force,  secondary  arc  formation  and  primary  arc 
separation. 

7.  Significant  Results  And  Conclusions 

At  the  start  of  this  project,  the  goal  for  plasma  armature  railguns  was  to  accelerate  gram 
and  larger  sized  projectiles  to  velocities  of  10  km/s  or  greater.  Experiments  had  shown  that  1  gm 
projectile  launches  at  velocities  of  6  km/s  were  attainable  in  several  experiments,  with  a  few 
isolated  experiments  reporting  8  to  10  km/s.  It  was  the  purpose  of  this  research  investigation  to 
understand  the  6  km/s  limit,  and  to  find  ways  to  overcome  this  limitation.  Two  phenomena  had 
been  observed  which  were  associated  with  the  velocity  limit,  restrike  and  secondary  arcs,  but  their 
physical  basis  was  poorly  understood.  Entrained  ablation  products  from  the  rail  and  insulator 
were  assumed  to  be  associated  with  these  phenomena,  and  measures  had  been  proposed  to 
decrease  or  eliminate  ablation. 

The  results  of  this  investigation  have  provided  significant  insight  into  the  formation  of 
secondary  arcs  and  identified  two  other  physical  effects  which  also  act  to  limit  velocity:  eddy 
current  generation  in  the  rails  and  separation  of  the  primary  arc  from  the  projectile.  Eddy  current 
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generation  is  not  only  a  velocity  limiting  mechanism,  but  it  is  also  related  to  the  expectation  of 
attainable  velocity.  Previous  calculations  of  the  armature  force  attainable  in  a  railgun  were  based 
on  a  simple  formula  which  related  force  to  the  driving  current  and  inductance  gradient  of  the 
railgun  structure.  Careful  theoretical  analysis  and  three-dimensional  simulations  showed  that  this 
simple  formula  overestimated  the  armature  force,  and  therefore  led  to  overprediction  of  attmnable 
velocity.  Part  of  the  force  predicted  by  the  simple  formula  was  exerted  on  the  rails  instead  of  the 
armature,  and  part  was  unavailable  because  of  energy  dissipation  in  the  rails  due  to  eddy  currents 
induced  by  the  armature  motion.  These  effects  are  significant  (5-10%)  in  the  case  of  simple 
railguns  and  become  serious  in  the  case  of  augmented  (15-25%)  railguns  and  disastrous  for 
muzzle-fed  railguns  (40-60%). 

Primary  separation  was  observed  in  data  obtained  from  the  Thunderbolt  railgun  and  the 
UTSI  subscale  Thunderbolt  railgun.  Comparison  of  projectile  time  and  velocity  at  muzzle  exit 
with  armature  position  within  the  bore  showed  that  the  armature  detached  from  the  projectile  and 
slowed  prior  to  projectile  launch.  The  projectile  ceased  to  accelerate  once  this  separation 
occurred.  The  best  understanding  of  the  physical  mechanism  for  this  separation  came  from  the 
two-dimensional  simulations  using  CALE.  In  these  simulations,  separation  occurred  only  when 
material  eroded  from  the  projectile  due  to  fnctional  contact  with  the  rail  was  included  in  the 
simulation.  This  cold  material  formed  a  nonconducting  buffer  between  the  projectile  and  the 
primaiy  arc.  In  these  simulations  the  separation  of  the  primary  armature  was  very  similar  to  the 
experimental  observations. 

Secondary  arc  formation  was  the  most  difficult  phenomenon  to  understand.  Secondary 
arcs  were  observed  in  almost  all  railgun  experiments,  particularly  when  higher  velocities  were 
reached.  Secondary  formation  was  attributed  to  the  slowing  down  of  the  tml  of  the  primary  arc 
caused  by  the  accumulation  of  mass  ablated  from  the  bore.  This  slowing  resulted  in  an  increase  in 
the  value  of  the  local  electric  field  which,  in  turn,  resulted  in  an  increase  in  current  at  the  rear  of 
the  arc.  In  spite  of  its  pervasive  appearance  in  experiments,  all  attempts  to  induce  secondary 
formation  in  the  two-dimensional  CALE  simulations  failed,  regardless  of  the  amount  of  ablation 
introduced.  The  explanation  was  finally  found  from  three-dimensional  simulations  using  the 
MAPS  code. 

When  it  was  finally  possible  to  do  three-dimensional  simulations  of  the  railgun  plasma 
armature,  the  results  were  in  sharp  contrast  with  the  earlier  two-dimensional  simulations.  In  the 
two-dimensional  simulations  the  armature  flow  consisted  of  a  recirculation  of  the  flow  along  the 
axis  toward  the  projectile  and  then  backward  along  the  rail.  This  flow  was  driven  by  the  strong  J 
X  B  forces  along  the  axis  and  the  viscous  drag  of  the  rail,  together  with  the  lower  density  near  the 
axis  as  compared  with  the  plasma  near  the  rail.  The  primary  armature  in  the  three-dimensional 
simulations  also  had  a  recirculation,  but  in  the  opposite  sense!  This  startling  three-dimensional 
effect  was  caused  by  the  finite  diffusion  of  the  magnetic  field  into  the  rail  (the  velocity  skin  effect). 
Since  the  field  penetrated  fastest  at  the  outer  comers  of  the  rail,  the  current  density  maximized  at 
a  point  between  the  axis  and  the  insulator  wall.  The  strong  J  x  B  forces  accelerated  the  flow  in 
this  region  toward  the  projectile  and  it  flowed  away  from  the  projectile  along  the  axis  where  the  J 
X  B  force  was  smaller.  The  flow  away  from  the  projectile  along  the  axis  converted  the  highest 
temperature,  and  highest  electrical  conductivity,  plasma  toward  the  rear  of  the  armature  with  little 
cooling  to  the  bore  surfaces.  As  a  result,  the  current  also  migrated  toward  the  rear  of  the 
armature  where  it  evolved  into  a  secondary  arc  decelerated  by  entrained  ablation  products 
liberated  by  the  primary  arc.  The  secondary  arc,  decelerated  by  accumulating  mass  between  the 
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primary  and  secondary  arcs,  and  by  the  attendant  viscous  drag,  effectively  reduces  the  inductance 
of  the  gun  and  severely  limits  the  velocity  which  can  be  attained. 

This  picture  of  the  plasma  armature,  together  with  numerous  experimental  observations, 
makes  it  unlikely  that  plasma  armature  railguns  will  achieve  the  velocities  once  expected.  Some 
improvement  in  performance  is  likely  to  be  possible  through  improved  materials  and  shaping  of 
the  rails  to  reduce  the  flow  along  the  axis.  However,  it  is  not  possible  to  operate  a  hypervelocity 
plasma  armature  without  replenishing  armature  material  lost  through  viscous  interaction  with  the 
bore,  and  the  best  source  of  material  to  replenish  the  bore  is  the  projectile  itself  This  concept 
leads  to  the  hybrid  armature  as  a  more  likely  means  to  reach  velocities  in  excess  of  10  km/s. 
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ABSTRACT 


The  goal  of  a  plasma  armature  railgun  is  to  accelerate  the  projectile  to  hypervelocities 
(i.e.,  to  velocities  beyond  5  km/s).  Despite  extensive  research,  projectile  velocities  achieved 
in  the  plasma  armature  railgun  experiments  were  under  6-8  km/s  -  unfortunately,  far  less  than 
predicted  theoretical  values.  Experimental  and  numerical  studies  did  not  bring  a  full 
understanding  of  the  factors  limiting  performance  of  the  plasma  railgun.  The  numerical 
smdies  so  far  have  been  limited  to  1-D  and  2-D  computer  models.  In  this  dissertation,  it  is 
demonstrated  that  these  models  inadequately  predict  the  main  physical  features  of  railgun 
plasma  flow.  To  understand  the  railgun  physics,  3-D  magnetohydrodynamic  (MHD) 
modelling  is  necessary. 

To  perform  a  3-D  MHD  time-dependent  computer  simulation  of  the  plasma  armature 
railgun,  a  new  code  MAP3  (MHD  Arc  Plasma)  was  developed  at  University  of  Tennessee 
Space  Instimte  (UTSI).  MAP3  uses  an  efficient  numerical  method  to  solve  Maxwell’s 
equations  and  Navier-Stokes  equations  to  develop  a  complex  time-dependent  electromagnetic 
and  velocity  vector  field  distribution  in  the  railgun.  The  importance  of  MAP3  numerical 
scheme  that  uses  a  staggered  grid  to  solve  Maxwell’s  equations,  is  demonstrated. 

MAP3  provides  the  first  qualitative  and  quantitative  understanding  of  3-D  physical 
phenomena  in  the  plasma  armature  railgun.  The  results  of  the  3-D  computer  simulation  for 
1-cm  and  2-cm  bore  railguns  with  ablating  walls,  are  presented. 

A  profound  influence  of  the  inherently  3-D  nature  of  the  railgun  electromagnetic  field 
on  the  plasma  flow  is  demonstrated.  A  strong  spatial  nonuniformity  of  the  electromagnetic 
force  generates  a  flow  of  plasma  towards  the  projectile  near  the  rail  and  away  from  the 
projectile  along  the  center  of  the  bore.  This  plasma  flow  is  exactly  the  opposite  to  flow 

iii 


provided  by  the  previous  2-D  numerical  models.  A  zone  of  high-shear  flow  near  the  rail 
surfaces  can  increase  viscous  losses,  which  are  not  accounted  for  in  the  usual  performance 
estimates. 

A  direct  simulation  of  the  particular  experiment  is  the  logical  step  to  develop  this 
work  further.  A  satisfactory  qualitative  agreement  was  demonstrated  between  numerically 
obtained  B-dot  signal  (armature  magnetic  field)  and  typical  experimental  data.  MAPS  can  be 
used  to  study  secondary  arc  formations.  The  3-D  flow  has  a  tendency  to  elongate  the  plasma 
or  arc  armamre,  creating  a  current  conducting  tail.  This  process  may  play  an  important  role 
in  the  formation  of  secondary  arcs.  MAPS  can  be  extended  to  analyze  conditions  believed 
to  be  accountable  for  the  development  of  the  secondary  arcs  and  to  provide  reliable 
quantitative  simulation.  These  conditions  should  include  current  that  changes  m  time,  and 
higher  ablation  rates. 
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ABSTRACT 


Plasma  armature  transaugmented  and  muzzle-fed  railgun  experiments  were 
performed  in  the  UTSI  2.4  m,  1  cm  bore  diameter  railgim.  These  experiments  were 
evaluated  with  a  performance  model  that  included  the  simple  electromagnetic  force 
equation  for  the  particular  railgun,  viscous  and  ablation  armature  drag,  and  the 
compression  of  bore  gas  ahead  of  the  projectile.  This  evaluation  revealed  that  at  least 
one  of  the  force  or  drag  models  was  incorrect.  The  simple  electromagnetic  force 
equations  for  a  "real  railgun",  one  with  a  finite  rail  thickness,  were  derived  using  the 
conserv'ation  of  power  at  the  breech.  Strain  energy  due  to  the  transverse  component  of 
current  density  in  the  rails  and  losses  from  eddy  current  generation  from  field  diffusion 
and  armature  motion  were  neglected  in  this  derivation. 

Three-dimensional  (3-D)  electromagnetic  simulations  were  performed  on  a 
generic  square  bore  railgun  configuration  with  the  codes  MEGA  and  MAPS  to 
determine  the  seriousness  of  the  losses  not  included  in  the  derivation.  These 
simulations  showed  that  only  a  fraction  of  the  force  predicted  by  the  simple 
electromagnetic  force  model  was  exerted  on  the  armature.  For  example,  a  force  of 
510  N  was  predicted  for  the  muzzle-fed  railgun  at  steady-state  while  a  calculated 
armature  force  of  -170  N  was  found  from  the  3-D  simulation  with  a  stationary 
armature.  This  showed  that  the  simple  electromagnetic  force  model  could  not  be  used 
to  predict  railgun  performance  for  the  muzzle-fed  railgun. 


-V' 


A  modification  to  the  simple  electromagnetic  force  equation  is  proposed, 


where  the  positive  sign  gives  the  force  for  the  transaugmented  railgun  and  the  negative 
sign  gives  the  force  for  the  muzzle-fed  railgun.  The  parameters  ot  and  P  represent  the 
fraction  of  force  exerted  on  the  armature  from  the  inner  and  outer  rails  respectively. 
3-D  simulations  are  required  to  fmd  values  for  a  and  p. 

Evaluation  of  the  transaugmented  and  muzzle-fed  railgun  experiments  using  the 
modified  electromagnetic  force  equation  in  the  performance  model  showed  that  one  of 
the  drag  models  was  still  in  error.  Further  evaluation  of  the  experiments,  and 
published  results  of  3-D  MHD  simulations  suggested  two  possibilities  that  could 
explain  the  further  deficit  in  performance.  The  value  of  Q  (the  viscous  drag 
coefficient  found  from  turbulent  pipe  flow)  could  be  in  error  by  an  order  of  magnitude 
due  to  the  increased  velocity  gradient  at  the  rail  surface  produced  by  the  J  x  B  forces 
in  the  plasma  armature.  Another  possibility  is  that  material  trapped  in  the  "cold" 
region  between  the  armature  and  projectile  (which  was  not  included  in  the 
performance  model)  reached  a  mass  an  order  of  magnitude  greater  than  the  mass  of 


the  armature  itself 
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ABSTRACT 

A  series  of  experiments  were  undertaken  to  determine  whether  the  velocity  performance  of 
a  separately  augmented  railgun  scales  linearly  with  the  values  of  the  inductance  gradients.  Two 
different  railgun  configurations  which  had  the  same  containment,  bore  materials  and  bore  prepa¬ 
ration  were  used  in  these  experiments.  The  low  inductance  gradient  (LIG)  gun  had  calculated 
values  of  V  —  0.274  /iH/m,  M'  —  0.249  /xH/m  and  the  high  inductance  gradient  gun  (HIG) 
had  calculated  values  of  L'  =  0.425  /xH/m,  M'  =  0.35  /xH/m.  Experiments  were  conducted 
with  nearly  equal  current  levels  in  both  guns  using  solid  aluminum  ring  armatures.  The  measured 
velocities  were  used  to  determine  whether  the  calculated  inductance  ratio  was  observed  in  perfor¬ 
mance.  Frictional  drag  of  the  solid  armatures  complicated  the  data  analysis  but  the  increase  in 
velocity  performance  was  consistent  with  the  calculated  values  of  the  inductance  gradients. 

INTRODUCTION 

For  the  past  several  years  the  UTSI  railgun  research  program  has  focused  on  understanding 
why  plasma  armature  railguns  have  failed  to  achieve  their  expected  velocity  [1].  We  have  used  a 
combined  experimental  and  theoretical  approach  that  has  included:  optical  and  electrical  diag¬ 
nostic  measurements  [2],  2-D  and  3-D  computational  simulations  of  the  plasma  flow  [3,4],  2-D  and 
3-D  computational  simulations  of  the  electromagnetics  [5,6],  and  queintitative  experiments  using 
a  carefully  prepared  railgun  which  could  be  operated  in  conventional,  separately  augmented  or 
muzzle-fed  configurations  [7,8]. 

Most  of  these  quantitative  experiments  were  performed  in  a  10-11  mm  diameter  round  bore  by 
2.4  m  long  augmented  railgun  using  both  plasma  and  solid  aluminum  ring  armatures.  The  results 
obtained  with  the  conventional  and  augmented  configurations  led  us  to  question  the  validity 
of  simple,  conventional  methods  for  calculating  the  electromagnetic  forces.  Three-dimensional 
electromagnetic  simulations  of  simple,  square  railgun  configurations  confirmed  that  the  simple 
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force  expressions  based  on  inductance  gradients  overestimated  the  electromagnetic  accelerating 
forces  [5].  The  railgun  used  in  the  experiments  was  designed  for  reliability  and  ease  of  assembly, 
but  had  relatively  small  values  of  self  and  mutual  inductance  gradients.  A  new  railgun  has 
been  designed  and  fabricated  with  the  same  bore  characteristics  as  the  earlier  railgun,  but  it 
has  inductance  gradients  which  are  larger  by  approximately  50%.  We  have  begun  a  series  of 
experiments  to  compeire  the  velocity  performance  of  the  new  railgun  with  earlier  experiments.  Our 
goal  is  to  determine  whether  the  velocity  performance  scales  hnearly  with  inductance  gradient  as 
predicted  by  the  simple  electromagnetic  force  models.  The  results  of  our  first  experiments  using 
the  solid  aluminum  ring  armatures  will  be  described  in  this  paper. 

EXPERIMENTAL  CONFIGURATION 

The  low  inductance  gradient  (LIG)  railgun  used  for  our  previous  experiments  consisted  of  a 
10-11  mm  diameter  round  bore  railgun  of  2.4  m  length  having  copper  rails  and  G-9  glass  fiber 
reinforced  melamine  insulators.  A  second  set  of  rails  was  included  which  could  be  coimected  at 
the  muzzle  to  provide  either  a  separately  augmented  [7]  or  a  muzzle-fed  [8]  configuration.  The 
rails  were  constructed  from  2.54  cm  wide  copper  bar  stock  for  convenience  of  fabrication  and 
assembly  (Figure  1),  but  provided  low  values  of  self  and  mutual  inductance  gradients,  0.27  /i.H/m 
and  0.25  //H/m,  respectively.  The  new  high  inductance  gradient  (HIG)  railgun  has  the  same 
bore  diameter,  length  and  materials,  but  the  rails  were  fabricated  from  1.27  cm  wide  bar  stock  to 
provide  self  and  mutucd  induction  gradients  of  0.43  /xH/m  and  0.35  /xH/m,  respectively  (Figure  2). 
For  both  railgun  configurations,  the  values  of  the  inductance  gradients  were  detenmned  from  2-D 
calculations  using  the  finite  element  electromagnetic  code,  MEGA.  Both  railgun  configurations 
were  contmned  in  G-10  material  compressed  in  the  same  bolted  aluminum  V-block  structure  used 
by  Hawke  et  al  [1]. 

An  integral  1  m  long  helium  light  gas  gun  was  used  to  preaccelerate  the  projectiles  into  the 
railgun  with  approximately  825  m/s  velocity.  The  ring  armatures  were  right  circular  cylinders  15 
mm  in  length  with  a  mass  of  approximately  1.3  g.  The  cylindrical  armatures  were  machined  to  a 
snug  fit  in  the  bore  with  a  1  mm  wall  thickness.  A  Lexan  sabot  was  used  to  accelerate  the  armature 
and  separate  the  driver  gas  from  the  ring  (Figure  3).  Two  separate  capacitor  power  supplies,  each 
with  240  kJ  energy  storage  capacity  and  separate  inductors,  were  used  to  separately  power  the 
inner  and  outer  rail  pairs  to  provide  either  conventional  railgun  experiments  or  experiments  using 
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a  variable  range  of  augmentation.  A  unique  feature  of  these  experiments  was  that  the  railgun 
and  preeiccelerator  bore  was  lapped  full  length  with  an  expandable  iron  lap  and  aluminum  oxide 
compound  before  every  experiment.  After  lapping,  the  bore  was  cleaned  with  kerosene  and  then 
flushed  with  Altered  acetone  and  vacuum  dried  to  provide  a  clean,  tmiform  bore  siurface  for  every 
experiment.  This  procedure  improved  the  quantitative  comparison  by  eliminating  uncertainties 
related  to  bore  deterioration  from  previous  shots. 

Electrical  diagnostic  measurements  consisted  of  rail  and  augmentor  currents  provided  by 
integration  of  the  digitized  signals  from  Rogowski  coils,  and  current  transformers  at  the  breech, 
muzzle  eind  augmentor  feed  to  measure  the  respective  voltages.  Rail  B-dot  probes  spaced  lOftnm 
apart  along  the  railgun  were  used  to  detect  the  time  of  passage  of  the  projectile.  Several  additional 
B-dot  probes  were  used  to  measure  the  primary  component  of  the  magnetic  field  (perpendicular 
to  the  axis  and  in  the  symmetry  plane  containing  both  insulators).  A  PIN  photodiode  placed  in 
the  flight  range  detected  light  emitted  from  the  bore  to  determine  the  time  of  transition  of  the 
armature  from  solid  to  hybrid.  A  MAVIS  magnetic  transducer  placed  in  the  flight  range  recorded 
the  time  of  passage  of  the  armature  to  obtain  an  independent  measure  of  muzzle  velocity. 

EXPERIMENTAL  RESULTS 

A  similar  series  of  experiments  using  the  solid  aluminum  ring  armatures  were  performed 
in  both  railguns.  For  all  of  the  experiments  discussed  in  this  paper  the  nominal  peak  value  of 
the  armature  current  was  set  to  70  kA.  The  peak  value  of  the  augmentor  current  ranged  from 
zero  to  140  kA.  The  experimental  conditions  were  kept  as  similar  eis  possible  for  both  railgun 
configiuations,  but  since  the  gim  inductance  was  larger  for  the  new  HIG  railgun,  the  current 
pulse  was  somewhat  longer.  Also,  since  the  velocities  were  generally  higher  in  the  HIG  railgun, 
the  exit  times  for  the  projectiles  were  earlier.  There  was  no  MAVIS  data  obtained  for  the  HIG 
experiments,  since  a  change  in  the  configuration  of  the  “duckbills”  at  the  muzzle  resulted  in  an 
asymmetric  muzzle  arc  formation  which  deflected  the  projectile. 

The  currents  for  the  conventional  configuration  (zero  augmentor  current)  shots  in  the  LIG 
and  HIG  railguns  are  shown  in  Figure  4.  Note  that  the  maximum  current  for  the  HIG  gun  is 
smaller  and  decays  somewhat  faster  than  for  the  LIG  gun.  This  is  due  to  the  higher  inductance 
and  resistance  of  the  HIG  gun  structure.  The  corresponding  position-time  data  obtained  from 
the  rail  B-dot  probes  for  these  conventional  experiments  are  shown  in  Figure  5.  The  velocity 
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is  greater  in  the  HIG  shot  and  the  projectile  exits  the  bore  approximately  300  /zs  earlier.  The 
corresponding  velocity-time  curves,  obtedned  from  a  fourth  order  fit  of  the  position-time  data,  are 
shown  in  Figure  6,  together  with  the  ideal  velocity  calculated  from  the  simple  force  model, 

F  =  i  (L’ll  4-  2aM'hh)  (1) 

where  L'  is  the  self  inductance  gradient,  M'  is  the  mutual  inductance  gradient,  I\  is  the  armature 
current  and  I 2  is  the  augmentor  current.  The  factor  a  is  a  factor  less  than  imity  that  accounts 
for  a  reduction  in  projectile  force  caused  by  the  axial  forces  in  the  rails  [5] . 

It  is  clear  that  the  acceleration  is  greater  for  the  HIG  railgim,  but  the  velocity  profiles  differ 
significantly  from  the  predictions  made  using  the  simple  force  model  of  Equation  1.  It  appears 
that  these  differences  are  caused  by  the  neglect  of  sliding  friction.  Three-dimensional  MEGA 
calculations  of  the  armature  force  for  these  conventional  gun  and  armature  configurations  are 
smaller  than  the  predictions  of  the  simple  model  by  less  than  5%.  Due  to  the  open  configuration 
of  this  armature  design,  it  is  impossible  to  develop  any  acceleration  of  the  rings  from  a  plasma 
armature.  Furthermore,  examination  of  the  B-dot  probe  data  and  the  photodiode  data  showed 
that  no  separate  plasma  armature  formed  during  the  LIG  shots,  although  transition  to  a  hybrid 
armature  occurred  after  current  maximum  and  prior  to  muzzle  exit.  Analysis  of  the  B-dot  probe 
data  indicated  that  a  trailing  plasma  armature  formed  prior  to  muzzle  exit  on  the  100  kA  and 
140  kA  augmented  HIG  experiments.  Three-dimensional  MEGA  calculations  were  used  to  predict 
the  signals  that  would  be  seen  by  the  rail  B-dot  probes,  and  these  indicated  that  the  armature 
current  was  confined  to  a  distance  between  10  and  13  mm  [9].  Therefore,  it  is  probable  that  some 
of  the  difiPerences  between  the  experimental  and  theoretical  velocity  profiles  can  be  attributed  to 
sliding  friction  of  the  solid  armature. 

Some  additional  solid  aluminum  ring  armature  experiments  were  performed  in  the  LIG  rail- 
gun  using  a  reduced  entrance  velocity.  These  experiments  achieved  less  than  half  the  momentum 
increase  of  the  otherwise  identical  experiments.  Crawford  et  al  attributed  this  large  difference  in 
performance  to  a  transition  from  dry  friction  to  a  lubricating  liquid  film  [9]. 

The  currents  for  the  augmented  LIG  and  HIG  railguns  with  equal  armature  and  augmentor 
peak  currents  (70  k.\)  are  shown  in  Figure  7.  The  filled  symbols  are  for  the  LIG  experiment  and 
the  open  symbols  are  for  the  HIG  experiment.  The  diamonds  represent  the  armature  currents  and 
the  squares  represent  the  augmentor  currents.  As  in  the  conventional  experiment,  the  currents 
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are  smaller  and  decay  faster  in  the  HIG  railgun.  The  corresponding  velocity-time  curves  obtained 
from  a  fourth  order  fit  of  the  B-dot  position-time  data  are  shown  in  Figure  8,  together  with 
the  velocity  predicted  using  Equation  1.  The  value  of  a  used  in  Equation  1  to  account  for  the 
axial  forces  which  act  on  the  rails  of  the  railgun  was  chosen  to  be  0.85.  The  0.85  fraction  was 
a  nominal  value  determined  from  3-D  MEGA  simulations  for  an  augmented  square  bore  railgim 
configuration,  and  is  consistent  with  values  obtained  by  analysis  of  plasma  armature  experiments 
in  the  LIG  railgun  [10]. 

Comparison  of  the  experimental  and  theoretical  velocity  in  the  LIG  experiment  clearly  shows 
the  infiuence  of  frictional  drag.  It  appears  that  this  armature  did  not  transition  to  a  lubricating 
liquid  film  until  approximately  1  ms.  After  this  transition  the  acceleration  is  similar  to  that 
predicted  by  Equation  1.  Comparison  of  the  experimental  and  theoretical  velocity  for  the  HIG 
experiment  suggests  an  earlier  transition  to  a  lubricating  film.  The  acceleration  observed  near  the 
muzzle  in  the  experiment  is  considerably  larger  than  the  prediction.  This  effect  has  often  been 
observed  in  hybrid  armatures  and  might  be  attributed  to  a  loss  of  projectile  mass. 

DISCUSSION  AND  CONCLUSIONS 

Our  goal  was  to  determine  whether  the  velocity  performance  scaled  linearly  with  inductance 
gradient.  This  can  be  done  by  relating  the  measmed  change  in  projectile  momentum  to  the 
electromagnetic  impulse  calculated  from  the  measured  currents  and  Equation  1, 

Ap  =  ^L'  r  Ifdt  +  aM'  r  hhdt  (2) 

2  jQ  Jo 

where  Ap  is  the  measured  change  in  momentum  and  r  is  the  time  of  muzzle  exit.  All  frictional 
drag  forces  have  been  neglected  in  Equation  2.  Using  Equation  2,  an  experimental  measure  of  the 
ratio  of  L'H  to  L'L  is  given  by, 

_  ^PH  Al  /on 

L'i  "  ApL  Ah  ^  ^ 

where  A  is  an  effective  action  given  by, 

r'T  jLff  r'’’ 

A=  /  Ifdt  +  2a—  /  hhdt  .  (4) 

Jo  L  Jo 
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Application  of  this  equation  is  straightforward  in  the  case  of  the  conventional  railgun  where  I2  is 
zero.  For  the  augmented  railgun  cases,  the  MEGA  calculated  ratios  of  M' /V  and  a  were  used 
to  determine  the  effective  action. 

The  performance  results  for  both  railguns  axe  given  in  Table  1.  Crawford  et  al  provide 
details  on  the  transition  behavior  of  the  circular  armatures  in  a  separate  paper  [9].  The  table 
contains  entries  for  the  measured  momentum  increment,  Ap  and  the  effective  action,  >1,  defined 
by  Equation  4.  It  also  contains  the  meastued  ratio  of  the  self  inductance  gradients  as  determined 
from  Equation  3.  For  both  the  100  kA  and  140  kA  augmented  shots  in  the  HIG  railgun  it 
appeared  from  the  B-dot  probes  and  the  PIN  photodiode  that  a  plasma  armature  developed  near 
the  muzzle,  so  the  data  for  these  two  experiments  was  analyzed  only  up  to  the  time  the  armatiue 
transitioned  from  a  hybrid  to  a  plasma.  The  corresponding  LIG  data  were  truncated  to  the  same 
times  to  provide  a  reasonable  comparison. 

The  experimentally  determined  values  of  the  self  inductance  ratio  for  the  conventional  and  70 
kA  augmented  experiments  were  1.98  and  2.23,  respectively.  These  values  significantly  exceed  the 
MEGA  calculated  ratio  of  1.55.  The  experiments  at  100  and  140  kA  augmentation  yield  values 
of  1.45  and  1.44,  respectively,  and  are  somewhat  lower  than  the  MEGA  values.  In  both  of  these 
latter  experiments,  the  data  were  evaluated  only  over  a  portion  of  the  total  acceleration  time. 

Figures  6  and  8  may  provide  some  explanation  for  the  large  values  of  the  self  inductance  ratio 
observed  in  the  conventional  and  70  kA  augmented  shots.  In  both  cases  the  observed  velocity  lags 
significantly  behind  the  theoretical  velocity  in  the  LIG  railgvm.  This  suggests  that  the  frictional 
drag  of  the  armature  is  greater  in  the  LIG  railgun  early  in  the  acceleration  profile.  Since  the 
influence  of  drag  was  not  considered  in  deriving  Equation  3,  dissimilar  drag  forces  can  result  in 
uncertainty  in  the  determination  of  the  inductance  gradient  ratio.  Since  the  bore  amd  projectile 
conditions  were  the  same  in  the  HIG  and  LIG  radlguns,  the  apparent  reduction  of  frictional  drag 
seen  in  the  HIG  railgun  may  have  been  the  result  of  increased  rail  displacement.  The  reduced 
width  and  increased  inductance  gradient  in  the  HIG  railgun  combine  to  increase  the  pressiue  on 
the  rail  by  a  factor  of  3,  and  the  G-10  backing  may  have  allowed  enough  additional  rail  separation 
to  reduce  the  frictional  drag.  In  the  higher  augmentation  cases,  any  dissimilarities  in  frictional 
drag  are  less  significant  because  the  larger  electromagnetic  forces  dominate.  Also,  the  stronger 
separation  forces  may  have  acted  to  reduce  friction  in  the  LIG  railgun  for  the  large  augmentation 
experiments. 
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On  the  basis  of  the  results  of  this  limited  set  of  experiments,  it  was  not  possible  to  determine 
whether  the  velocity  performance  scales  linearly  with  inductance  gradient  as  predicted  by  the 
simple  electromagnetic  force  models.  However,  it  was  clear  that  the  performance  increase  was  of 
the  same  order  as  the  increase  in  the  calculated  inductance  gradient,  and  reaffirms  the  importance 
of  careful  electromagnetic  design  of  the  launcher  structure.  Because  the  influence  of  sliding  friction 
appeared  to  be  smaller  in  the  experiments  with  large  augmentation,  the  value  of  1.45  is  probably 
a  reasonable  experimental  estimate  of  the  self  inductance  gradient  ratio,  and  is  only  6.5%  less 
than  the  MEGA  calculated  value  of  1.55.  Once  again,  with  solid  as  well  as  plasma  armatures, 
the  inability  to  accurately  quantify  drag  forces  makes  it  difficult  to  determine  electrical  force 
parameters  from  from  B-dot  position-time  records. 
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TABLE  1.  Performance  results  from  conventional  and  augmented  experiments 

in  the  LIG  and  HIG  railguns. 


Shot  No, 
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m 

g 

Ap 
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74 
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72 

72 
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2.23 
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74 

75 

1.22 

1.51 
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1 
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68 
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1.19 

1.59 

8.23 

1.45 

42993-L 

71 
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1.28 

1.20 

8.98 

_ 

121393-H 

68 

135 

1.20 

0.89 

6.31 

1.44 

6493-L 

68 

138 

1.22 

0.68 

6.93 

1.000' 


Figure  1.  Cross  section  of  the  low  inductance  gradient  railgun. 
V  =  0.274  /zH/m,  M'  =  0.249  /zH/m. 
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Figure  2.  Cross  section  of  the  high  inductance  gradient  railgun. 
L'  =  0.425  fxR/m,  M'  =  0.35  /iH/m. 


SABOT 


Figure  3.  Sketch  of  the  ring  armature  and  sabot. 


Figure  4.  Current  profiles  for  conventional  railgun  experiments 
in  the  LIG  and  HIG  railguns. 


Figure  5.  Position-time  data  for  conventional  railgun  experiments 
in  the  LIG  and  HIG  railguns.  Obtained  from  rail  B-dot  probes. 
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Figiire  6.  Velocity-time  curves  for  the  conventional  LIG  and  HIG  railgun  experiments 
obtained  from  fitting  of  the  position-time  data  and  from  Equation  1. 


Cirrent  Profiles,  II  =  70kA,  C  *  70I<A 


Figure  7.  Current  profiles  for  augmented  railgun  experiments  in  the  LIG  and  HIG  railguns. 
Closed  symbols  are  for  LIG  and  open  symbols  are  for  HIG.  The  diamonds  are 
the  armature  currents  and  the  squares  are  the  augmentor  currents. 
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Abstract  -  The  UTSI  2.4  m  long,  11  mm  diameter,  11.  OBJECTIVES 


transaugmented  (separately  augmented)  railgun  was  used  to 
accelerate  solid  aluminum  ring  armatures  to  velocities  up  to 
3  km/s.  The  armature  consisted  of  a  15  mm  long  aluminum 
tube  with  a  tapered  nose  and  wall  thickness  of  1  mm.  The  1.2 
to  1.3  gm  armatures  were  tested  in  a  series  of  both  conven¬ 
tional  and  augmented  experiments  to  evaluate  performance, 
transition  velocity  and  transition  action.  Precise  transition  lo¬ 
cation  was  determined  by  correlation  of  muzzle  voltage  and 
the  armature  light  emission  measured  by  a  PIN  diode  looking 
down  the  muzzle.  The  electromagnetic  forces  in  this  armature 
were  determined  using  the  MEGA  3-D  finite  element  code. 
The  ring  armature  produces  a  magnetic  squeeze  in  the  insu¬ 
lator  plane  which,  because  of  the  high  compliance  of  the  thin 
ring,  loads  the  ring  against  the  rails  to  increase  the  contact 
force.  Augmentation  increases  the  contact  force  and  increases 
the  transition  velocity.  This  armature  configuration  may  have 
application  in  all  velocity  ranges  since  it  appears  to  operate  as 
a  true  hybrid  after  transition  with  no  plasma  armature  forma¬ 
tion. 

I.  INTRODUCTION 

A  continuing  research  program  at  the  University  of 
Tennessee  Space  Institute  has  contributed  significantly  to 
the  understanding  of  railgun  operationed  physics.  Ad¬ 
vanced  diagnostics  instrumentation  techniques  have  been 
applied  to  further  understanding  of  both  plasma  and  hy¬ 
brid  armatures  in  both  conventional  and  augmented  rail- 
guns.  The  continuing  stability  and  performance  problems 
associated  with  plasma  armatures  lead  to  research  on  hy¬ 
brid  armatures.  The  performance  benefits  demonstrated 
with  hybrid  metal  armatures  focused  research  efforts  on 
solid  metal  armature  configurations  which  can  operate  in 
a  metal  to  metal  contact  mode  to  high  velocity  thus  reduc¬ 
ing  bore  damage  and  providing  high  electromagnetic  effi¬ 
ciency.  A  controlled  transition  to  hybrid  armature  opera¬ 
tion  on  plasma  brushes  may  allow  the  solid  to  hybrid  tran¬ 
sition  armature  to  consistently  reach  high  velocity  with 
better  performance  than  plasma  armatures.  Thus,  UTSI 
initiated  a  solid  armature  investigation  with  both  exper¬ 
imental  and  analytical  techniques  to  understand  solid  to 
hybrid  armature  transition  physics. 
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An  extensive  review  of  solid  armature  experimental 
data  shows  a  consistent  failure  of  metal  to  metal  contact 
at  relatively  low  velocity  around  one  kilometers/second. 
Very  limited  metal  to  metal  armature  data  exists  above 
two  kilometers/second.  A  unique  solid  armature  con¬ 
figuration  was  selected  for  the  UTSI  investigation  based 
on  three-dimensional  electromagnetic  analysis.  The  ar¬ 
mature  design  requirements  included  minimizing  veloc¬ 
ity  skin  effects,  maximizing  useable  action  in  the  metal, 
and  improving  loading  (normal)  forces  against  the  rail.  A 
thin  metal  ring  armature  was  selected  for  an  investigation 
of  transition.  Armature  action  at  transition,  velocity  at 
transition  and  total  electromagnetic  efficiency  were  evalu¬ 
ated  in  a  separately  augmented  (transaugmented)  railgun, 
where  the  effects  of  velocity  can  be  separated  from  action. 
A  more  complete  understanding  of  armature  transition 
velocity  was  the  primary  objective  of  this  investigation. 
Performance  evaluation  of  the  ring  armature  in  a  hybrid 
mode  was  a  secondary  objective. 

III.  RING  ARMATURE  DESIGN 

The  design  requirements  for  a  solid  metal  armature 
are  listed  below: 

•  Low  voltage  sliding  contact 

•  Low  total  armature  mass 

•  Maximum  electrical  action  at  transition  (high 
transition  velocity) 

•  Compatibility  of  armature  with  launch  pack¬ 
age/sabot 

•  Efficient  operation  as  a  hybrid  after  transition 
Each  of  the  design  requirements  wUl  be  discussed  briefly 
and  the  design  approach  outlined.  Low  voltage  sliding 
contact  requires  a  high  conductivity  armature  material  in 
high  pressure  sliding  contact  with  the  rail.  Copper  and 
aluminum  are  candidate  materiads.  The  minimum  armar 
ture  mass  supports  selection  of  aluminum  or  aluminum- 
copper  combinations.  Maximum  electrical  action  is  ob¬ 
tained  with  a  combination  of  high  electrical  conductivity 
and  high  energy  capacity  to  melt.  In  this  study  we  evalu¬ 
ated  only  aluminum  armatures  operating  on  copper  rails. 
Since  molten  aluminum  wets  copper  these  armatures  leave 
significant  aluminum  films  on  the  rails.  Attempts  to  op¬ 
timize  materials  were  not  included  in  this  investigation. 

Compatibility  of  the  metal  armature  with  a  launch 
package  sabot  must  be  considered.  The  ring  armature  can 


be  split  into  two  cylinders  which  will  separate  with  the 
projectile  sabot.  Thus,  the  ring  armature  configuration 
satisfies  the  design  requirements  and  should  operate  as  a 
thin  plasma  brush  hybrid  after  transition. 

The  physiccil  dimensions  were  determined  by  a  min¬ 
imum  length  criterion  for  stability  in  the  bore  and  by  a 
minimum  wall  thickness  determined  from  material  allow¬ 
able  electrical  action.  Criteria  from  Reference  5  were  used 
to  determine  the  minimum  armature  cross-sectional  area 
for  the  expected  electrical  action. 


A  = 


P{t)  dt 
9i 


1/2 


where  gi  =  27  x  10^®  -  s/m^  for  aluminum. 

An  average  current  of  100  kA  for  a  duration  of  2  x  10"® s 
was  used  to  calculate  minimum  action  area  for  the  alu¬ 
minum  ring  armature.  Substituting  into  the  expression 
for  A  yields:  A  =  0.27  cm®.  The  ring  armature  length 
was  set  at  15  mm  with  a  4  mm  nose  taper  and  an  11  mm 
cylindrical  section.  A  one  millimeter  wall  thickness  yields 
a  cross-section  area  of  0.22  cm®  for  the  cylindrical  section 
which  would  be  in  contact  with  the  rails.  Since  the  UTSI 
railgun  is  a  capacitor-inductor  driven  gun,  a  100  kA  peak 
current  shot  will  have  an  average  current  below  90  kA  for 
a  2  ms  pulse.  Thus,  the  0.22  cm®  area  for  a  1.0  mm  wall 
thickness  will  assure  the  armature  action  remains  below 
the  limit  set  by  which  is  an  80%  melt  temperature 
value. 

Figure  1  shows  the  dimensions  of  the  aluminum  ring 
airmatures  used  in  this  investigation.  The  UTSI  radlgun 
barrel  is  lapped  before  each  shot  to  insure  high  bore  qual¬ 
ity.  Thus,  the  outer  diameter  of  the  armature  was  in¬ 
creased  approximately  0.025  mm  each  shot  to  assure  a 
slight  interference  fit.  The  armature  wall  thickness  was 
maintained  at  1.0  mm.  A  10  mm  long  polycarbonate 
pusher  and  light  gas  gun  was  used  to  accelerate  the  ring 
armature  into  the  railgun  at  velocities  from  500  to  900 


The  three-dimensional  finite  element  electrodynam¬ 
ics  code  MEGA  was  used  to  evaluate  the  ring  armature 
[6].  Interaction  between  the  ring  armature  current  distri¬ 
bution  and  the  rail  plus  armature  magnetic  fields  produce 
compressive  forces  on  the  insulator  facing  portion  of  the 
ring.  The  compliant  ring  structure  adlows  the  compres¬ 
sive  forces  to  be  reacted  by  rail  normaJ  force.  If  the  gun 
structure  was  rigid,  increased  rail  currents  would  result  in 
higher  armature/rail  contact  forces.  See  Figure  2  for  the 
force  vector  distribution  near  the  rear  of  the  armature. 
Since  any  separation  of  the  rails  due  to  electromagnetic 
forces  will  reduce  the  armature/rail  normal  force,  iner¬ 
tial  loading  of  a  split  ring  armature  may  be  required  to 
assure  good  sliding  contact.  For  the  70  kA  armature  cur¬ 
rents  the  rail/armature  electromagnetic  reaction  force  is 
approximately  20  Newtons. 


IV.  EXPERIMENTAL  INVESTIGATION 

The  ring  aluminum  armature  experimental  investiga¬ 
tion  was  conducted  at  the  UTSI  railgun  facility.  The  aug¬ 
mented  railgun  can  be  operated  in  either  a  conventional  or 
augmented  mode  utilizing  separate  power  supplies.  The 
2.4  m  long  railgun  with  a  nominal  10  mm  bore  diameter  is 
connected  to  a  1.1  m  single  stage  helium  gas  injector.  The 
design  features  copper  rails  and  G-9  insulators  supported 
by  a  G-10  substructure.  For  a  more  complete  description 
of  the  railgun  facility  including  diagnostic  instrumenta¬ 
tion  see  References  1  and  7. 

Projectile  velocity  and  armature  current  distribution 
were  determined  from  thirty  B-dot  probe  signals  measur¬ 
ing  both  changing  rail  current  and  rate  of  change  of  the 
primary  driving  field  (Z-axis).  These  probes  are  located 
100  mm  apart  and  provide  accurate  armature  position 
data  from  which  velocity  was  determined.  Injection  ve¬ 
locity  into  the  railgun  was  measured  by  two  high  response 
pressure  transducers  located  at  the  exit  of  the  helium  ac¬ 
celerator.  A  MAVIS  electromagnetic  transducer  located 
in  the  flight  range  was  used  to  provide  accurate  muzzle 
velocity  measurement  and  confirm  B-dot  derived  velocity 
[8]. 


Since  determination  of  armature  transition  position 
and  velocity  was  an  important  new  requirement,  a  PIN 
diode  was  located  in  the  flight  range,  behind  MAVIS, 
looking  down  the  barrel.  The  light  emission  from  the 
transition  arcs  can  be  compared  with  the  muzzle  volt¬ 
age  record  to  determine  armature  transition.  This  is  an 
important  diagnostic  because  the  muzzle  voltage  on  aug¬ 
mented  shots  contains  strong  induced  voltages  from  the 
transient  augmenting  field.  Figure  3  shows  the  correla¬ 
tion  between  a  PIN  diode  signal  and  muzzle  voltage  for  a 
conventional  shot.  Note  the  intermittent  20  volt  jumps  in 
muzzle  voltage  corresponding  to  the  initial  rise  in  emitted 
light  from  the  bore.  This  initial  transition  signal  is  asso¬ 
ciated  with  arcing  on  one  rail  surface,  and  as  the  emis¬ 
sion  signal  increases  another  20  volt  intermittent  jump  in 
muzzle  voltage  occurs  corresponding  to  a  second  arcing 
contact.  Some  dynamic  solid  armature  contact  is  noted 
for  most  of  the  hybrid  plasma  brush  mode.  Both  muz¬ 
zle  voltage  records  and  PIN  diode  signals  were  used  to 
determine  transition  in  all  experiments  where  data  was 
acquired. 


A  nine  shot  test  matrix  was  completed  in  this  in¬ 
vestigation.  Three  conventional  and  four  augmented  ex¬ 
periments  were  conducted  at  high  injection  velocity  (734 
to  882  m/s)  with  nominal  peak  bore  currents  of  70  kA 
(68-76).  Peak  augmenting  currents  ranged  from  75  to 
140  kA  on  the  four  augmented  shots.  These  seven  ex¬ 
periments  produced  muzzle  velocities  from  1,368  to  2,994 
m/s  which  provided  transition  velocities  of  1,030  m/s  to 
1,575  m/s.  The  last  two  experiments  were  conducted  at 
reduced  injection  velocity  (570  and  590  m/s)  to  evaluate 
the  influence  on  trsmsition  position  amd  action.  Table  I 
below  contains  the  significant  performance  data  from  the 
nine  shots. 


Table  I.  Ring  Armature  Performance  Data 


Shot 

Dote 

Arm 

l(kA) 

P»k 

Aug 

12  (kA) 

Peak 

Mast 

(pa) 

Eutr 

Vel 

(km/a) 

Muaa 

Vel 

(km/i) 

Delta 

V  Exp 

(km/») 

Delta 

V  Elect 

(km/s) 

Efficient 

Exp /Elec 

% 

7/20/93 

76 

0 

1.18 

0.882 

1.471 

0.589 

0.886 

66 

r/23/93 

74 

0 

1.18 

0.798 

1.368 

0.570 

0.830 

69 

7/28/93 

74 

75 

1.22 

0.734 

1.969 

1.235 

1.782 

69 

4/29/93* 

71 

106 

1.28 

0.851 

2.354 

1.503 

1.364 

110 

6/  4/93 

68 

138 

1.22 

0.807 

2.994 

2.187 

1.979 

110 

6/  9/93 

71 

140 

1.30 

0,770 

2.650 

1.880 

1.961 

96  ■ 

9/17/93 

78  ' 

0 

1.35 

0.825 

1.382 

0.557 

0.735  i 

76 

9/30/93 

74 

0 

1,35 

0.570 

0.822 

0.303 

1.070 

28 

10/  6/93 

74 

0 

1.44 

0.590 

0.931 

0.341 

0.919 

37 

^Augnentor  Power  Supply  -  Crowb&r  F&Uure  •  Ringinf  Current 


Since  all  shots  have  a  nominal  armature  current  of 
70  kA  peak  current,  the  muzzle  velocity  differences  re¬ 
sult  primarily  from  augmentor  current  level  and  injection 
velocity  differences.  Armature  drag  is  the  only  loss  mech- 
amism  proposed  for  these  experiments  other  than  electro¬ 
magnetic  losses  which  would  reduce  the  effective  values  of 
U  and 

The  theoretical  incremental  velocity  increase  (elec¬ 
tromagnetic)  was  determined  from  the  following  force  ex¬ 
pression  integrated  over  the  time  of  electromagnetic  ac¬ 
celeration. 

FORCE  =  ^L'  ll  +  aM'  h  h 

The  following  values  of  L',  M'  and  ot  were  determined 
from  two  and  three  dimensionail  MEGA  analysis  [9].  The 
correction  factor  a  accounts  for  the  axial  force  lost  in  the 
rails. 

U  =  0.274  fi  H/m  M*  =  0.249  /i  H/m  a  =  0.85 

The  efficiency  variation  from  the  nine  experiments 
demonstrated  reasonable  repeatability  on  the  duplicate 
experiments.  The  higher  efficiencies  obtained  at  the  100 
kA  -  140  kA  augmentor  currents  have  not  been  completely 
explained,  but  may  result  from  a  dependence  on  velocity 
or  friction  force  reduction  at  higher  velocity. 

The  last  two  shots  at  low  injection  velocity  exhibited 
a  significant  loss  in  efficiency  which  can  only  be  the  result 
of  much  higher  armature  drag.  The  significance  of  these 
two  low  performance  experiments  will  be  discussed  in  the 
next  section. 

V.  TRANSITION  RESULTS 

Transition  data  was  obtained  on  eight  of  the  nine 
ring  armature  shots.  The  4/29/93  augmented  shot  expe¬ 
rienced  a  failure  of  the  augmentor  power  supply  crowbar 
switch  which  produced  a  ringing  augmentor  current  and 
obscured  transition  on  the  muzzle  voltage  record.  These 


eight  shots  represent  four  diflferent  sets  of  test  conditions. 
In  the  cases  where  two  or  three  repeat  data  sets  were  ob¬ 
tained  the  transition  results  were  repeatable  with  a  mean 
deviation  of  approximately  10%. 

Before  presenting  and  discussing  the  transition  data, 
the  experimental  results  from  high  velocity  shot  6/4/93 
will  be  reviewed.  This  shot  had  a  peak  armature  current 
of  68  kA  as  shown  in  Figure  4.  Position-time  data  for  the 
rail  and  Z-axis  B-dot  probes  is  presented  in  Figure  5  along 
with  the  MAVIS  record.  Curve  fitting  and  differentiating 
the  B-dot  position-time  data  yields  a  velocity- time  record, 
Figure  6.  The  predicted  velocity  calculated  from  the  ex¬ 
perimental  current  records  and  L\  Af',  a  from  section 
IV  is  also  shown  on  Figure  6.  The  experimental  velocity 
deficit  early  in  the  drive  and  higher  acceleration  in  the 
later  part  of  the  drive  were  typical  for  this  set  of  experi¬ 
ments.  Reference  7  attempts  to  explain  this  difference  in 
theoretical  and  experimental  acceleration. 


flgixre  6.  6/4/03  Expeximeatai  aod  Tlieoreticai  Vdocity-Time. 


The  muzzle  voltage  record  shows  the  initial  transi¬ 
tion  at  approximately  1.0  ms  followed  by  both  side  plasma 
brushes  by  1.2  ms  and  muzzle  exit  at  1.66  ms  (Figure  7). 
PIN  diode  data  was  not  obtained  for  this  shot.  Rail  B-dot 
data  for  seven  probes  near  the  muzzle  shows  the  compact 
nature  of  armature  current  (Figure  8).  Details  of  the  B- 
dot  19  record  is  compared  with  a  MEGA  B-dot  simulation 
of  1.0  and  1.5  cm  long  ring  armatures  in  Figure  9.  The 
correlation  between  the  experimental  B-dot  19  curve  and 
the  1.5  cm  armature  calculations  supports  the  conclusion 
that  the  entire  armature  is  carrying  current  as  a  true  hy¬ 
brid  after  transition.  Data  from  shot  6/4/93  supports  the 
potential  of  the  ring  armature  design  for  good  high  veloc¬ 
ity  transition  and  operation. 


Figure  5.  6/4/93  Pociticni'TiiDe  B^Dot  Deta. 


Figure  8.  6/4/03  B-Oot  D»ta  Near  Muzzle. 


Figure  9.  6/4/93  D*Dot  19  Daia-MEGA  CaloilaUoas. 


Table  II  presents  the  transition  data  for  the  eight 
experiments.  The  initial  goal  was  to  obtain  trFmsition  at 
increasing  velocity  using  augmentation  so  that  armature 
current  could  be  held  constant. 


Table  II.  Ring  Armature  Trzmsition  Data 


Shot 

Date 

Peak 

(kA) 

11/12 

1 

Trans 

Vel 

(km/s) 

Trans 

Posit 

(m) 

Trans 

Time 

(ms) 

Trans 

Curr 

(kA) 

Trans 

Action 

(A^-s) 

7/20/93 

76/0 

1.038 

0.777 

1.15 

67 

3.50E6 

7/23/93 

74/0 

0.798 

1.368 

1.048 

0.947 

1.35 

62 

4.12E6 

7/28/93 

74/78 

0.734 

1.969 

1.279 

0.908 

1.37 

60 

4.12B6 

4/29/93 

71/106 

0.851 

2.354 

m 

« 

s 

* 

• 

6/  4/93 

68/1381 

0.807 

2.994 

1.575 

0.735 

0.98 

62 

2.21E6 

6/  9/93 

71/140 

0.770 

2.650 

1.454 

0.715 

0.93 

65 

2.14E6 

9/17/93 

75/0 

0.825 

1.382 

1.030 

0.799 

1.17 

65 

3.46E6 

9/30/93 

74/0 

0.570 

0.822 

0.711  ! 

1.426 

2.67  ! 

52 

8.29E6 

10/  6/93 

74/0 

0.590 

0.931 

0.823 

1.372 

2.38 

54 

7.39E6 

For  an  approximately  constant  injection  velocity  amd 
armature  current  the  muzzle  velocity  and  transition  veloc¬ 
ity  both  increased  with  augmentor  current.  The  transition 
position  and  time  of  transition  did  not  show  consistent 
trends  except  for  the  highest  velocity  shots  which  transi¬ 
tioned  earlier  in  both  position  and  time.  There  was  also 
a  50  percent  reduction  in  transition  action  at  the  highest 
velocities. 

The  lack  of  clear  velocity  influence  on  transition  and 
previous  work  [10]  which  indicated  that  transition  was  in¬ 
dependent  of  velocity  lead  to  the  last  two  experiments, 
in  Table  II.  Injection  velocity  was  reduced  by  increasing 
the  mass  of  the  sabot.  The  results  of  shot  9/30/93  were 
so  significant  that  a  repeat  shot  10/6/93  was  conducted 
for  confirmation.  The  injection  velocities  of  570  to  590 
m/s  and  armature  current  of  74  kA  produced  very  poor 
acceleration  and  efficiency  (Table  I).  Transition  velocities 
were  very  low  while  transition  time,  position  and  action 
were  significantly  increased.  Clearly  the  reduced  injection 
velocity  shots  experienced  a  large  increase  in  drag  losses 
as  shown  in  Figure  10.  The  velocity-time  records  for  the 
two  low  injection  velocity  shots  are  compared  with  shot 
9/17/93,  all  at  nominal  74  kA.  The  very  low  efficiency  con¬ 
firms  high  drag  forces  over  most  of  the  acceleration.  Only 
the  difference  between  dry  sliding  friction  and  liquid  film 
drag  could  explain  the  large  performance  loss  of  the  lower 
injection  velocity  shots.  Thus,  high  velocity  solid  contact 
requires  a  very  thin  molten  armature  layer  to  promote  low 
voltage  contact  and  modest  viscous  drag. 


This  thin  molten  layer  makes  the  solid  armature  ef¬ 
ficient  and  results  in  transition  when  the  layer  can  not 
be  maintained.  Failure  to  maintain  sufficient  normal  con¬ 
tact  force  would  remove  the  frictional  energy  necessary  to 
provide  a  liquid  contact  layer  resulting  in  transition. 


Transition  Not  Measured /Observed 


VI.  CONCLUSIONS 
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The  value  of  the  separately  augmented  railgun  as  a 
research  tool  has  been  reconfirmed.  The  ability  to  vary 
injection  velocity,  armature  current  and  primary  magnetic 
field  independently  has  provided  a  new  set  of  transition 
data  which  can  be  used  to  question  existing  transition 
models  and  develop  new  theories.  The  transition  physics 
from  this  investigation  was  not  independent  of  velocity. 
However,  two  independent  velocity  related  effects  were 
contained  in  the  data  set.  Velocity  increase  caused  by 
increased  augmentor  current  resulted  in  higher  rail  sep¬ 
aration  forces  which  certainly  caused  earlier  transition. 
Data  from  Reference  7  on  high  and  low  U  gun  config¬ 
urations  supports  this  conclusion.  The  second  velocity 
related  transition  effect  was  noted  in  the  low  injection  ve¬ 
locity  shots.  Below  the  velocity  where  combined  friction 
and  contact  resistance  produce  a  liquid  contact  boundary 
layer,  significantly  more  electrical  action  can  be  deposited 
in  the  armature  before  transition.  Thus,  the  nature  of  fric¬ 
tional  loss  at  the  armature  interface  must  be  included  in 
the  transition  model. 

Solid  armature  transition  is  a  complex  process  that 
occurs  in  the  thin  (the  order  of  roughness  height)  high  ve¬ 
locity  contact  layer  where  both  friction  (viscous)  and  elec¬ 
trical  resistance  cause  large  energy  dissipation  and  mate¬ 
rial  phase  change.  At  relative  velocities  above  700  m/s 
aluminum  armatures  are  running  on  a  very  thin  molten 
film,  which  is  clearly  observed  on  the  copper  rails.  Ve¬ 
locity,  normal  force  and  current  density  all  influence  the 
nature  of  the  liquid  contact  layer.  Failure  to  maintain  a 
thin  contact  layer  results  in  arcing  and  transition. 

The  one  solid  armature  experimental  variable  that 
could  not  be  controlled  in  this  investigation  was  armature- 
rail  normal  force.  High  contact  forces  have  been  demon¬ 
strated  as  essential  to  maintain  low  voltage  contact  and 
increase  transition  velocity  [10].  The  ring  armatures  in 
this  investigation  had  only  a  small  interference  pre-load 
and  modest  electromagnetic  normal  force.  At  high  aug¬ 
mentor  current  levels  rail  separation  forces  would  have  sig¬ 
nificantly  reduced  armature  contact  forces  and  may  have 
dominated  transition. 

The  ring  armature  configuration  has  good  potential 
for  a  high  velocity  solid-transitioning-hybrid  armature  be¬ 
cause  the  thin  ring  reduces  the  velocity  skin  effect  due  to 
temperature  dependent  conductivity  and  improved  mag¬ 
netic  field  penetration.  Future  work  with  the  ring  ar¬ 
mature  concept  should  include  inertial  loading  to  assure 
high  rail  contact  forces.  Also,  new  materials  with  compos¬ 
ite  conductivity,  energy  capacity  and  strength  properties 
should  be  considered  for  improving  trzmsition  velocity. 


The  authors  would  like  to  thank  Mr.  Newton  Wright 
and  Mr.  Bruce  Hill  for  excellent  technical  assistance  in 
the  experimental  investigation.  This  work  was  funded  by 
BMDO/IST  and  managed  by  U.S.  Army/SDC  under  con¬ 
tract  DASG  60-90-C-0015. 

REFERENCES 

[1]  J.  Taylor,  R.  Crawford  and  D.  Keefer,  “Experimental 
Comparison  of  Conventional  and  Trans- Augmented 
Railguns,”  IEEE  Trans,  on  Magnetics,  Vol.  29,  No. 
1,  pp.  523-529,  January  1993. 

[2]  R.  Crawford,  D.  Keefer  and  A.  Sedghinasab,  “Rail- 
gun  Hybrid  Armatures,  Experimental  Results  and 
Performance  Characteristics,”  IEEE  Trans,  on  Mag- 
neiics,  Vol.  27,  No.  1,  pp.  240-244,  January  1991. 

[3]  M.  Cowan,  “Solid-Armature  Railguns  Without  the 
Velocity-Skin  Effect,”  IEEE  Trans,  on  Magnetics, 
Vol.  29,  No.  1,  pp.  385-390,  January  1993. 

[4]  N.  Colon,  L.  Tran,  K.  Luu,  L.  Paul,  D.  Chang  and 
D.  Sink,  “High  Transition  Velocities  for  Solid  Arma¬ 
tures  in  the  10-mm  MTR  Rmlgun,”  IEEE  Trans,  on 
Magnetics,  Vol.  29,  No.  1,  pp.  775-780,  January 
1993. 

[5]  J.  Gamer,  A.  Zielinski  and  K.A.  Jamison,  “Design 
and  Testing  of  a  Mass-Stabilized  Projectile  for  Sxnail 
Caliber  Electromagnetic  Launcher,”  IEEE  Trans,  on 
Magnetics,  Vol.  25,  No.  1,  pp.  197-202,  January 
1989. 

[6]  D.  Rodger  and  P.J.  Leonard,  “Modelling  the  Electro¬ 
magnetic  Performance  of  Moving  Railgun  Launches 
Using  Finite  Elements,”  IEEE  Trans,  on  Magnetics, 
Vol.  29,  No.  1,  pp.  496-498,  January  1993. 

[7]  D.  Keefer,  R.  Crawford  and  J.  Taylor,  “Effect  of  the 
Inductance  Gradients  in  a  Transaugmented  Railgun,” 
7th  EMC  Symposium,  April  1994,  San  Diego,  CA. 

[8]  J.V.  Parker,  “Magnetic-Probe  Diagnostics  for  Rail¬ 
gun  Plasma  Armatures,”  IEEE  Trans,  on  Plasma 
Science,  Vol.  17,  No.  3,  pp.  487-500,  June  1989, 

[9]  J.  Taylor  and  D.  Keefer,  “Calculations  of  the  Elec¬ 
tromagnetic  Force  in  Railguns,”  Proceedings  of  the 
Ninth  IEEE  Pulsed  Power  Conference,  June  1993, 
Albuquerque,  NM. 

[10]  J.  Barber  and  A.  Challita,  “Velocity  Effects  on  Metal 
Armature  Contact  Transition,”  IEEE  Trans,  on 
Magnetics,  Vol.  29,  No.  1,  pp.  733-738,  January 
1993. 


Railgun  Plasma  Armatures 
April  '96 
Appendix  A-5 
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ABSTRACT 

The  UTSI  2.4  m  transaugmented  railgun  was  reconfigured  so  that  current  was  fed  from  the 
breech  to  the  muzzle  along  the  outer  rails  and  then  returned  to  the  armature  along  the  inner  rails. 
Experiments  were  performed  using  plasma  armatures  at  peak  currents  of  70  and  100  kA.  At  a  peak 
current  of  100  kA  the  measured  increase  in  projectile  velocity  was  approximately  500  m/s;  less 
than  half  of  that  obtained  from  a  conventional  configuration  in  the  same  railgun,  and  considerably 
less  than  predicted  for  the  muzzle-fed  configuration.  B-dot  probes  showed  that  the  armature 
was  very  compact,  but  separated  from  the  projectile  soon  after  fusing.  Three-dimensional  (3- 
D)  finite  element  electromagnetic  simulations  on  the  UTSI  railgun  structure  showed  that  the 
electromagnetic  force  on  the  armature  was  much  less  than  predicted  by  the  simple  force  model. 

The  reduction  in  force  was  due  primarily  to  axial  forces  exerted  in  the  rails. 

INTRODUCTION 

The  muzzle-fed  configuration,  reportedly  first  operated  in  the  former  Soviet  Union,  is  a 
railgun  in  which  the  current  is  fed  into  the  breech  to  the  muzzle,  then  returned  to  the  armature 
via  the  muzzle.  Figure  1  shows  a  circuit  diagram  for  the  muzzle-fed  configuration.  The  driving 
force  in  a  muzzle-fed  railgun  is  supplied  by  the  augmenting  rail  behind  the  armature.  In  front  of 
the  armature  the  field  produced  by  the  inner  rails  is  mostly  cancelled,  depending  on  the  coupling 
between  the  augmenting  and  inner  rails,  by  the  field  produced  by  the  augmenting  rails.  Extending 
the  circuit  analysis  used  to  predict  the  driving  force  in  augmented  railguns  to  the  muzzle-fed 
configuration,  the  electromagnetic  force  for  the  muzzle-fed  case  was  obtained  as, 

F  +  \{M'  -  L')I^  .  (1) 

Written  in  this  form  it  is  easy  to  see  that  as  the  reiils  become  more  coupled  and  the  value  of 
M'  approaches  that  of  L\  Equation  1  approaches  the  force  equation  for  a  conventional  railgun. 
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\/2L'I^,  with  M'  replacing  L' .  The  first  expression  in  Equation  1  is  the  force  due  to  the 
magnetic  field  produced  by  the  augmenting  rail  behind  the  armature  and  the  second  expression 
demonstrates  the  field  cancellation  in  front  of  the  armature. 

In  this  configuration  the  armature  moves  into  regions  of  the  rail  where  the  field  has  already 
diffused.  Cowan  suggested  that  this  would  eliminate  the  high  current  densities  produced  at  the 
rear  of  solid  armatures  by  the  velocity  skin  effect  [1] .  Our  further  speculation  was  that  for  plasma 
armatures  the  impedance  path  for  secondaries  would  increase  in  this  configuration,  and  this  might 
delay  or  prevent  their  formation. 

Muzzle-fed  railgun  experiments  were  performed  at  UTSI  with  the  same  bore  conditions  as 
used  for  the  UTSI  transaugmented  railgun  experiments  [2,3].  Results  of  these  experiments  will 
be  presented.  3-D  electromagnetic  simulations  were  performed  using  MEGA,  a  finite  element 
code,  developed  at  the  University  of  Bath  [4] .  These  simulations,  performed  on  the  UTSI  railgun 
structure  (Figure  2),  were  used  to  help  analyze  the  experiments  and  explain  the  decidedly  poor 
performance  of  the  muzzle-fed  railgun. 

UTSI  RAILGUN  FACILITY 

The  UTSI  2.4  m  long,  1.0  cm  roimd  bore,  transaugmented  railgun  was  converted  to  a  muzzle 
feed  configuration.  A  1.1  m  single  stage  helium  gas  injector  provided  pre-acceleration  of  projectiles 
into  the  railgun  with  a  velocity  of  approximately  1  km/s.  The  rails  were  powered  by  two  240  kJ 
capacitor  discharge  power  supplies  each  of  which  were  connected  through  separate,  four  sectored, 
toroidcJ  inductors.  The  Lexan  projectiles  of  1  gm  mass  utilized  lip  seals  and  were  initiated  with 
an  aluminum  foil  fuse. 

Twenty- three  B-dot  probes,  located  100  mm  apart,  measured  changing  reul  current  and  were 
used  to  obtain  accurate  armature  positions.  A  MAVIS  electromagnetic  transducer,  placed  in  the 
enclosed  flight  range,  was  used  to  provide  an  accurate  time-of-flight  measurement  of  projectile 
velocity.  Consistent  bore  quality  was  assured  for  each  experiment  by  lapping  the  entire  railgun 
from  the  light  gas  gun  to  the  muzzle  before  each  shot  using  an  expandable  iron  lap.  After  lapping, 
acetone  was  circulated  through  the  bore  and  dried  under  vacuum  to  remove  all  traces  of  lapping 
compound  and  hydrocarbon  residue.  This  procedure  was  found  to  eliminate  secondary  arcs  and 
provide  repeatable  performance  of  our  gun.  Details  associated  with  the  structure,  instrumentation 
and  experimental  procedure  of  our  railgun  can  be  found  in  References  2  and  3. 
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Values  of  L' ,  the  self  inductance  per  unit  length,  and  M' ,  the  mutual  inductance  per  unit 
length,  were  needed  for  performance  evaluations.  These  values  were  obtained  from  a  2-D  calcula¬ 
tion  using  the  MEGA  code  for  the  cross  section  of  our  gun  (Figiue  2)  at  a  frequency  of  10  kHz. 
The  value  of  0.274  ^H/m  was  obtained  for  V  and  a  value  of  0.249  /iH/m  was  obtained  for  M' . 

EXPERIMENTAL  INVESTIGATION 

Four  experiments  were  performed  on  the  muzzle-fed  railgun,  one  at  a  peak  current  of  70  kA 
and  three  at  a  peak  current  of  100  kA.  The  experimental  results  axe  given  in  Table  1,  together  with 
results  for  similar  experiments  in  the  conventional  configuration  for  comparison.  The  increase  in 
velocity  for  the  100  kA  muzzle-fed  experiments  achieved  less  than  50%  of  the  expected  change  in 
velocity  calculated  from  Equation  1.  This  was  even  more  significant  than  it  appears,  since  most  of 
the  acceleration  seen  in  the  experiment  could  be  accounted  for  by  thermal  forces  exerted  during 
the  fusing  transient.  Since  the  initial  experimental  results  differed  so  much  from  prediction,  three 
experiments  were  performed  at  100  kA  to  establish  repeatability. 

The  B-dot  signals  indicated  a  compact  well-formed  plasma  armatrue  with  no  evidence  of 
secondary  formation.  Figiue  3  shows  the  armature  velocity  obtained  from  the  B-dot  probes,  to¬ 
gether  with  the  exit  velocity  obtained  from  MAVIS,  notice  the  severe  primary  separation.  Results 
for  a  similar  experiment  in  the  conventional  railgun  configuration  are  also  shown  in  Figure  3  for 
comparison.  The  armature  velocity  scarcely  exceeds  the  initial  velocity.  It  is  likely  that  most 
of  the  increase  in  projectile  velocity  is  due  to  the  electrothermal  “kick”  which  accompanies  the 
fusing  transient. 

Equation  1  can  be  rearramged  in  the  form  where  L'ff  has  the  value,  obtained  from 

L'  and  M' ,  of  0.224  /xH/m.  This  is  82%  of  the  value  of  L' .  From  the  simple  electromagnetic 
force  models  the  force  for  the  muzzle-fed  shots  should  have  been  82%  of  that  for  the  conventional 
shots.  However,  as  can  be  seen  in  Table  1  and  Figure  3,  the  change  in  velocity  measured  for  the 
muzzle-fed  configuration  was  less  than  half  of  that  measured  for  the  conventional  case.  There  were 
no  secondary  arcs  or  other  anomolous  effects  observed  in  the  armature,  so  where  did  the  excess 
force  go?  We  conducted  some  3-D  electrodynamic  simulations  using  MEGA  to  help  formulate  an 
answer  to  this  question. 
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3-D  ELECTROMAGNETIC  SIMULATIONS 


The  3-D  finite  element  code  MEGA  was  used  to  simulate  the  UTSI  muzzle-fed  railgun. 
Previously,  simulations  were  performed  on  a  generic  square  bore  railgun  to  provide  initial  insight. 
Details  of  the  generic  simulations  can  be  found  in  References  5  and  6. 

The  simulation  model  consisted  of  the  UTSI  railgun  cross  section,  a  0.5  cm  long  solid  ar¬ 
mature,  and  a  rail  section  of  5.5  cm.  At  the  ends  of  the  rails  a  tangent  magnetic  fiux  boundary 
condition  was  used.  This  condition  basically  assumed  the  B  field  had  reached  its  2-D  limit  at 
2.0  cm  from  the  armature.  The  fields  do  not  actually  reach  this  limit  until  nearly  3  times  that 
distance  from  the  armature.  Simulations  with  longer  rail  lengths  were  performed  and  it  was  found 
this  approximation  affected  the  armature  force  by  less  than  2%. 

A  Helmholtz  step  input  current  with  an  amplitude  of  100  kA  was  used  along  with  an  armature 
velocity  of  1000  m/s.  Copper  was  used  for  both  the  rails  and  the  armature.  Once  quasi-steady- 
state  was  reached  (i.e.  the  field  had  diffused  through  the  armature),  the  armature  force  should 
have  been  very  similar  to  that  of  a  plasma  armature. 

Using  MEGA,  the  axial  component  of  the  JxB  force  was  integrated  over  the  armature  and 
then  over  the  total  computational  domeiin.  Figure  4  shows  the  axial  force  in  the  armature  and 
the  total  axial  force  for  an  armature  velocity  of  1  km/s,  together  with  the  force  predicted  by 
Equation  1.  The  field  diffused  into  the  structure  reaching  a  quasi-steady-state  in  approximately 
800  /is.  Note  that  the  effective  value  of  L'  decreased  in  time  as  the  fields  diffuse  into  the  structure. 
This  was  opposite  the  effect  observed  for  the  conventional  railgun  [5].  The  force  exerted  on  the 
armature  was  59%  of  the  force  predicted  by  Equation  1  evaluated  at  early  time  (i.e.  a  time 
corresponding  to  the  values  of  L'  and  M'  used  in  experimental  performance  evaluation). 

The  difference  in  the  axial  force  on  the  armature  and  Equation  1  resulted  from  force  exerted  in 
the  rails,  72%  of  which  was  found  behind  or  above  the  armature.  The  magnetic  field  produced  by 
the  ciurent  in  the  outer  rail  diffused  into  the  inner  rail  prior  to  the  arrival  of  the  armature.  A  large 
eddy  current  formed  in  the  rciil  behind  the  armature  (Figure  5),  and  the  transverse  component  of 
this  current  interacted  with  the  magnetic  field  from  the  outer  rail  to  produce  the  large  axial  raul 
force.  Figure  5  is  in  the  plane  of  symmetry  between  the  insulators.  The  shaded  region  represents 
the  curvature  of  the  round  bore. 
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A  simulation  with  the  actual  experimental  current  profile  was  performed  to  determine  if 
dl/dt  played  a  significant  role  in  the  armature  force.  The  results  of  this  simulation  can  be  seen  in 
Figure  6  along  with  the  velocity  predicted  by  Equation  1  and  60%  of  Equation  1.  The  factor  of  60% 
comes  from  the  armature  force  at  quasi-steady-state  being  60%  of  that  predicted  by  Equation  1. 
The  MEGA  simulation  with  the  experimental  current  profile  compares  well  with  the  modification 
of  Equation  1. 

It  should  be  pointed  out  that  these  electromagnetic  velocity  predictions  do  not  take  into 
consideration  the  fusing  transient,  viscous  drag,  etc.  At  the  current  level  which  the  muzzle-fed 
railgun  shots  were  performed,  the  fusing  trjinsient  was  quite  significant  and  could  have  accounted 
for  all  the  projectile  acceleration.  The  effects  of  primary  separation  were  not  taken  into  con¬ 
sideration  and  could  possibly  explain  the  remaining  discrepancy  between  predicted  velocity  and 
experimental  velocity. 

Figure  7  shows  the  force  distribution  in  the  eirmature  and  the  rails  for  the  muzzle-fed  case. 
In  front  of  the  armature  the  axial  force  was  negative  due  to  the  fact  that  the  B  generated  by 
the  outer  rails  in  front  of  the  armature  does  not  entirely  cancel  out  the  B  generated  by  the  inner 
rail  there  (Figure  1).  In  a  conventional  railgun  there  is  a  negative  axial  force  in  front  of  the 
armature  due  to  the  self  field  of  the  armatme  and  a  velocity  induced  eddy  current  flowing  ahead 
of  the  armature.  For  the  conventional  case,  the  negative  axial  force  is  quite  small  and  limited  to 
a  small  fraction  of  the  armature.  In  the  muzzle-fed  case,  nearly  half  the  armature  experiences  a 
negative  axial  force.  The  significant  difference  in  force  distribution  in  the  armature  between  the 
conventional  and  muzzle-fed  case  might  have  played  a  role  in  the  fluid  flow  in  the  armature  and 
contributed  to  early  primary  separation. 

It  was  suggested  by  Cowan  [1]  that  the  muzzle-fed  configuration  could  reduce  the  velocity  skin 
effect.  Looking  back  at  the  generic  square  bore  railgun  simulations  [5,6],  the  current  distribution 
for  the  muzzle-fed  configuration  with  an  armature  velocity  of  1  km/s  was  more  uniform  than 
for  the  conventional  case  (Figure  8).  The  peak  current  density  in  the  armature  of  the  muzzle- 
fed  case  was  approximately  half  that  seen  in  the  conventional  case,  and  appeared  in  the  rear  of 
the  armature  for  both  cases.  For  the  generic  model  used  in  this  simulation,  one  would  have  to 
approximately  double  the  total  current  in  the  muzzle-fed  case  to  achieve  the  same  driving  force 
as  in  the  conventional  case,  thus  eliminating  any  adveintages  gained. 
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SUMMARY 


Plasma  armature  experiments  in  a  muzzle-fed  railgun  have  shown  significantly  poorer  per¬ 
formance  than  a  conventional  railgun  with  the  same  bore  structure.  The  3-D  MEGA  simulations 
for  the  muzzle-fed  railgim  have  shown  that  the  simple  force  model  overestimates  the  armature 
force  by  nearly  a  factor  of  two.  A  significant  fraction  of  the  available  force  predicted  by  Equation 
1  acts  to  produce  an  axial  force  in  the  rails.  By  identifying  the  inadequacy  of  the  simple  force 
model,  we  have  accounted  for  a  large  fraction  of  the  velocity  deficit  that  might  otherwise  have 
been  attributed  to  fluid  mechanical  drag  effects.  The  explanation  for  the  remaining  experimental 
velocity  deficit  is  most  likely  associated  with  primary  separation.  The  muzzle-fed  configuration 
has  been  found  to  be  of  no  practical  interest  for  electromagnetic  launchers.  However,  as  with  the 
transaugmented  railgun,  it  has  turned  out  to  be  a  valuable  research  tool. 

ACKNOWLEDGEMENT 

The  authors  would  like  to  thank  Mr.  Newton  Wright  and  Mr.  Bruce  Hill  for  technical  assis¬ 
tance.  The  authors  would  also  like  to  acknowledge  the  support  received  with  MEGA  calculations 
from  Paul  Leonard  and  the  MEGA  support  group.  This  work  was  funded  by  SDIO/IST  and 
managed  by  U.S.  Army/SDC  under  contract  DASG60-90-C-0015. 

REFERENCES 

[1]  M.  Cowan,  “Solid-Armature  Railguns  without  the  Velocity  Skin  Effect,”  IEEE  Trans,  on 
Magn.,  Vol.  29,  No.  1,  pp.  385-390,  January  1993. 

[2]  J.  Taylor,  R.  Crawford,  and  D.  Keefer,  “Experimental  Comparison  of  Conventional  and 
Trans-Augmented  Railgims,”  IEEE  Trans,  on  Magn.,  Vol.  29,  No.  1,  pp.  523-529,  January 
1993. 

[3]  D.  Keefer,  J.  Taylor,  and  R.  Crawford,  “The  Electromagnetic  Force  in  Railguns,”  in  Pro¬ 
ceedings  of  the  Fourth  European  Symposium  on  Electromagnetic  Launch  Technology 
Conference,  May  2-6,  1993,  Celle,  Germany,  Paper  No.  1503. 

[4]  D.  Rodger  and  P.  J.  Leonard,  “Modelling  the  Electromagnetic  Performance  of  Moving  Rail¬ 
gun  Launchers  Using  Finite  Elements,”  IEEE  Trans.  Magn.,  Vol.  29,  No.  1,  pp.  496-498, 
January  1993. 


6 


[5]  J.  Taylor  and  D.  Keefer,  “Calculations  of  the  Electromagnetic  Force  in  Railguns,”  Proceed¬ 
ings  of  the  Ninth  IEEE  Pulsed  Power  Conference,  June  21-23,  1993,  Albuquerque,  New 
Mexico. 

[6]  J.  Taylor  and  D.  Keefer,  “Muzzle-Fed  Railgun  Experiments,”  Proceedings  of  the  Ninth 
IEEE  Pulsed  Power  Conference,  June  21-23,  1993,  Albuquerque,  New  Mexico. 


Table  1.  Summary  of  UTSI  2.4  m  muzzle-fed  railgun  experiments. 


Shot 

Type 

Peak  Rail 
Current 
(kA) 

Mass  of 
projectile 

(gra) 

Muzzle 

Velocity 

(km/s) 

A  Ve 

Measured 

(km/s) 

Avg 

A  V 

“  ’  elcctronugnetic 
(%) 

8/16/91 

.  Conven 

67 

.980 

1.669  . 

.630 

116 

10/24/91 

Conven 

105 

.979 

2.258 

1.162 

101 

6/17/91 

Conven 

106 

.984 

2.476 

1.365 

115 

11/20/92* 

Conven 

109 

1.06 

2.008 

.988 

79 

11/11/92 

Muz  Fed 

70 

1.03 

1.292 

.279 

67 

11/18/92 

Muz  Fed 

106 

1.05 

1.470 

.457 

48 

12/14/920 

Muz  Fed 

106 

1.06 

1.350 

<.400 

<41 

1/27/93 

Muz  Fed 

108 

1.06 

1.496 

.429  i 

41 

*  Secondary  developed 

O  Entrance  velocity  could  not  be  detennined  from  data.  Nominal  entrance  velocity  for  this  railgun 
has  been  1.0  ±  0.05  (km/s),  there  was  nothing  to  suggest  this  was  not  a  nominal  shot. 


MUZZLE-FED  CIRCUIT 
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Figure  1.  Muzzle-fed  circuit  diagram. 
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Figure  2.  Muzzle-fed  railgun  bore  cross  section. 


Figure  3.  Comparison  of  conventional  and  muzzle-fed  railgim  shots 
with  100  kA  peak  current. 
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Figure  5.  Vector  plot  of  J  for  an  armature  velocity  of  1  km/s  at  time  350  //s 
for  UTSI  railgun  structure.  The  center  plane,  between  insulators,  is  shown. 
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Figure  6.  Comparison  of  experimental  velocity  with  that  predicted 
by  the  inductance  gradients  and  MEGA. 
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Figure  8.  Current  distribution  in  armature  for  conventional  and  muzzle-fed  railguns 
0.2  mm  below  rail  and  armature  interface. 
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Abstract — A  three-dimensional  Navier- 
Stokes  code  developed  at  the  High  Temperature 
Institute  in  Moscow  (IVTAN)  has  been  extended 
to  provide  a  simulation  for  the  railgun  plasma  ar¬ 
mature.  This  code  was  previously  used  with  an 
approximate  electromagnetic  model  to  provide  a 
two-dimensional  simulation  of  a  railgun  plasma 
armature  flow  in  the  plane  containing  the  insu¬ 
lators.  A  new  three-dimensional  electromagnetic 
solver  has  been  incorporated  into  the  code  to  per¬ 
mit  full  3-D  nonsteady  MHD  simulations  of  the 
plasma  armature  flow  in  a  railgun.  The  flnite- 
diflerence  equations  for  magnetic  vector  poten¬ 
tial  and  electric  potential  are  solved  using  the 
ICCG  method.  The  new  electromagnetic  solver 
was  validated  using  3-D  solutions  obtained  from 
the  finite  element  electromagnetic  code  MEGA. 
A  full  bore,  3-D  simulation  of  a  plasma  arma¬ 
ture  reveals  flow  patterns  significantly  different 
than  those  of  rail  or  insulator  plane  2-D  simula¬ 
tions.  In  particular,  the  maximum  J  X  B  force 
occurs  off-axis  and  results  in  a  plasma  flow  away 
from  the  projectile  along  the  axis  of  symmetry. 
A  zone  of  high  shear  flow  forms  near  the  rail  sur¬ 
faces  which  increases  the  viscous  losses.  Zones  of 
low  current,  nearly  stagnant  flow  form  near  the 
base  of  the  projectile,  consistent  with  experimen¬ 
tal  observations  of  a  buffer  between  the  armature 
and  the  projectile. 

Introduction 


interest  is  the  3-D  plasma  flow  which  results  from  nonuni¬ 
form  electromagnetic  forces  and  the  ablation  of  both  rail 
and  insulator.  Experimental  results  from  a  hybrid  arma¬ 
ture  study  at  UTSI  provided  evidence  for  such  3-D  ar¬ 
mature  flows  [6].  The  dynamics  of  this  three-dimensional 
plasma  motion  is  important  in  understanding  the  ob¬ 
served  mechanisms  of  primary  separation  and  secondary 
arc  formation  which  are  associated  with  loss  of  perfor¬ 
mance. 

Another  important  issue  is  the  3-D  nature  of  the 
electromagnetic  fields  in  the  railgun.  The  results  of  com¬ 
puter  simulations  [7]  indicate  that  3-D  electromagnetic 
effects  in  a  railgun  with  a  solid  armature  significantly  in¬ 
fluence  the  value  of  the  axial  armature  force,  depending 
on  the  railgun  configuration.  With  a  plasma  armature 
the  spatial  nonuniformity  of  J  X  B  and  J  •  E  plays  an 
important  role  in  the  dynamics  of  plasma  motion.  In  or¬ 
der  to  analyze  the  corresponding  effects,  a  full  3-D  MHD 
code  is  required.  A  new  3-D  MHD  code  has  been  devel¬ 
oped  to  address  these  issues.  The  code  includes  a  3-D, 
transient  Navier-Stokes  code,  and  a  3-D,  transient  elec¬ 
tromagnetic  code.  A  first  simulation  of  a  railgun  plasma 
armature  using  this  code  is  presented  in  this  paper. 

3-D  PLASMA  ARMATURE  MODEL 

A  3-D  time-dependent  MHD  code  was  developed  at 
the  University  of  Tennessee  Space  Institute  (UTSI)  based 
on  a  3-D  time-dependent  Navier-Stokes  code  developed 
at  the  High  Temperature  Institute  (IVTAN),  Moscow 
and  a  3-D  time-dependent  electrodynamic  code  devel¬ 
oped  at  UTSI. 

The  plasma  is  described  as  a  fluid  with  the  mass 
density  p,  velocity, 


Considerable  progress  has  been  made  during  the 
past  few  years  in  the  MHD  modelling  of  plasma  armature 
railguns.  A  comprehensive  overview  of  the  evolution  of 
MHD  codes  for  plasma  armatures  is  given  by  Batteh  and 
Thornhill  [1].  The  broad  range  of  1-D  models  and  more 
recent  2-D  rail-to-rail  [2] -[4]  and  insulator-to-insulator 
[5]  models  have  provided  considerable  insight  into  the 
physical  mechanisms  associated  with  the  performance  of 
railguns.  However,  several  important  phenomena  which 
are  inherently  three-dimensional  cannot  be  fully  under¬ 
stood  in  1-D  or  2-D  simulations.  A  matter  of  particular 


V=(vi,V2,V3)  , 

internal  energy  per  unit  volume  e,  pressure  p,  viscosity 
/X,  and  total  thermal  conductivity  fctot  which  includes 
radiation  thermal  conductivity.  The  equations  describ¬ 
ing  plasma  motion  in  the  Navier-Stokes  code  including 
the  MHD  terms  are: 

dp 

•gj  +  V.pv  =  0i 
+  V  •  I7y  =  J  X  B  +  V  ■  Tij-  —  Vp  ; 
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Tij  =  H 


{ 


dvj  dvj\ 
dxj  dxi ) 


-gMV-V 


Uij  =  pViVj  . 


The  pressure  and  temperature  are  found  from  equa¬ 
tions  of  state: 


P  =  fp{p,e) 

T  =  fT{p,e)  . 


The  equations  of  state  and  transport  properties  jJL, 
ktoty  and  electrical  conductivity,  a,  are  those  for  a  10% 
copper-90%  hydrogen  plasma  [9]  at  temperatures  in  the 
range  5000  K  to  60000  K  and  at  pressures  in  the  range 
1  to  7000  atm.  The  thermal  diffusion  equation  was  not 
solved  in  the  rail.  Thus  the  electric  conductivity  and 
other  properties  of  the  rail  remained  constant  throughout 
the  calculations. 

The  distinguishing  features  of  the  IVTAN  Navier- 
Stokes  code  axe  calculation  of  convective  terms  using  Go¬ 
dunov’s  procedure  or  the  Riemann  problem,  and  apply¬ 
ing  a  finite-difference  method  to  solve  terms  with  vis¬ 
cosity.  The  Navier-Stokes  code  has  been  benchmarked 
against  problems  of  laminar  compressible  gas  flow  [8]. 
The  fluid  dynamic  and  electrodynamic  equations  are 
coupled  through  the  electromagnetic  force  and  dissi¬ 
pated  power  terms  in  the  plasma  motion  equations,  and 
through  the  values  of  conductivity  and  velocity  in  the 
electromagnetic  equations. 

The  electromagnetic  solver  solves  Maxwell’s  equa¬ 
tions  in  the  MHD  approximation: 


dt 


-V  X  E  ; 


V  X  B  =  /ioJ  ;  (2) 

J  =  (t(E  +  V  X  B)  . 

The  magnetic  vector  potential  A  and  electric  scalar 
potential  (p  are  introduced  to  insure  that  the  divergence 
of  B  is  zero: 


Equation  (4)  represents  conservation  of  current: 

V-J  =  0  . 

The  corresponding  finite-difference  equations  are  solved 
by  ICCG  (incomplete  Cholesky  conjugate  gradients 
method)  which  provides  an  efficient  solution  for  (3)  and 
(4)  with  nonuniform  conductivity  that  varies  from  very 
high  (rail-like)  to  very  low  (essentially  zero)  values.  The 
electromagnetic  solver  was  benchmarked  against  the  3-D 
finite-element  electromagnetic  code  MEGA  [10],  using  a 
simple  square  bore,  copper  rail,  copper  armature  prob¬ 
lem. 


Numerical  grid  and  simulation 

PARAMETERS 

A  60  cm  long,  2  cm  square  bore  railgun  has  been 
simulated.  The  computations  are  performed  in  one  quar¬ 
ter  of  the  railgun  cross  section  due  to  the  symmetry  as¬ 
sumptions.  A  uniform  grid  with  260  points  in  the  axial 
direction  and  10  X  10  points  in  the  cross  section  is  used 
in  the  Navier-Stokes  code.  The  chosen  sizes  of  uniform 
grid  spacing  will  resolve  with  sufficient  accuracy  the  dif¬ 
fusion  of  magnetic  field  into  the  armature  and  the  rail. 
The  entire  region  from  the  breech  to  the  projectile  is  sim¬ 
ulated,  so  the  problem  of  specifying  boundary  conditions 
at  the  armature  trailing  edge  is  avoided.  The  base  of  the 
projectile  is  the  right  hand  boundary,  and  as  it  moves, 
new  grid  points  are  added  into  the  computational  do¬ 
main.  The  260  X  25  X  15  grid  for  the  electromagnetic 
solver  matches  the  gasdynamical  grid  inside  the  bore  but 
is  extended  outside  the  bore  to  an  air  boundary  with 
nonuniform  spacing. 

The  algorithm  for  the  electromagnetic  solver  allows 
the  region  of  computation  to  move  as  the  armature  moves 
to  save  computational  resources.  During  the  run,  the 
value  of  current  passing  into  the  rail  and  through  the  ar¬ 
mature  structure  is  kept  constant  and  equal  to  the  initial 
value  /o  =  120  kA  (total  gun  current  is  equal  to  240 
kA).  The  total  mass  of  the  projectile  TTlpr  is  taken  to  be 
equal  to  Ag. 

INITIAL  AND  BOUNDARY  CONDITIONS 


B  =  VxA,  E  =  . 


The  resulting  equations  for  ip  and  A  are: 
dA 


-V^A  =  crpo 


dt 


-  Vv’  + V  X  V  X  A 


(3) 


and 

V-(t(^Vv?+^-vx  Vx  A^  =0  .  (4) 

In  deriving  (3)  the  Coulomb  gauge  V*  A  =  0  was  used. 


The  problem  was  initiated  by  first  allowing  the  pro¬ 
jectile  to  accelerate  from  rest  at  X  =  3  cm  to  a  velocity 
of  355  m/s  through  expansion  of  a  cold  nonconducting 
gas  compressed  at  p  =  100  atm  using  only  the  Navier- 
Stokes  code.  This  simulated  the  condition  of  using  a 
light  gas  gun  injector  and  made  it  unnecessary  to  as¬ 
sume  boundary  conditions  at  the  rear  of  the  armature. 
When  the  projectile  reached  the  initiation  velocity  at 
X  =  11  cm  the  temperature  in  an  axial  region  near  the 
base  of  the  projectile  was  increased  to  Tq  =  10, 000 
K  to  make  the  plasma  conducting,  simulating  the  ac¬ 
tion  of  a  fuse.  The  desired  increase  of  the  temperature 
was  achieved  by  changing  the  density  at  constant  pres¬ 
sure  in  the  armature  region.  The  initial  length  of  the 
plasma  armature  was  chosen  to  be  4  cm  to  avoid  non¬ 
physical  behavior,  e.g.  excessive  heating,  after  starting 
the  whole  code.  At  this  point  the  simulation  continued, 
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solving  both  the  Navier-Stokes  code  and  the  electrody¬ 
namics  code. 

In  the  Navier-Stokes  code  a  no-slip  condition  on  the 
solid  surfaces  is  used  to  determine  viscous  momentum 
flux  on  the  boundary.  The  radiation  absorbing  condition 
is  specified  for  heat  flux  on  the  rail,  insulator,  projectile, 
and  breech  surfaces,  i.e.  the  normal  component  of  en¬ 
ergy  flux,  Qji  =  Also,  on  the  rail  and  insulator 

surfaces  ablation  is  allowed,  so  the  corresponding  con¬ 
vective  fluxes  of  mass,  momentum  and  energy  are  used 
as  boundary  values  for  interior  calculations. 

The  projectile  velocity,  Vp.,  is  determined  from 
Newton’s  law: 


where  the  pressure  integral  is  taken  over  the  base  of  the 
projectile.  The  side  of  the  cell  adjacent  to  the  projectile 
is  expanding  with  velocity  Vpr  and,  when  necessary,  new 
grid  points  are  added  into  the  computational  domain. 
The  Riemann  problem  algorithm  for  the  moving  bound¬ 
ary  is  used  for  the  calculation  of  convective  fluxes  at  the 
base  of  the  projectile.  On  the  symmetry  boundaries,  cor¬ 
responding  symmetry  conditions  are  imposed. 

In  the  electromagnetic  solver  a  separate  set  of 
boundary  conditions  is  needed  for  (3)  and  (4).  For 
the  magnetic  vector  potential  a  current  source  condi¬ 
tion  is  imposed  at  the  breech,  a  tangent  flux  condition 
{Bn  ==  0)  is  imposed  at  the  outer  boundaries  and  a  nor¬ 
mal  flux  condition  {Br  =  0)  is  specified  on  the  rail-to 
rail  symmetry  plane. 

The  scalar  potential,  (4),  requires  a  “no-current” 
condition  Jn  =  0  on  the  interfaces  between  conducting 
and  nonconducting  regions,  a  “ground  value”  of  zero  on 
the  insulator-insulator  symmetry  plane,  and  the  current 
source  condition  given  by  (5)  at  the  breech: 

j  JdS^Io  .  (5) 


Ablation  model 

The  main  goal  in  simulating  ablation  was  to  ob¬ 
serve  the  3D  flow  which  results  from  the  incoming  mass 
from  both  rail  and  insulator.  Attention  is  paid  to  the 
dynamics  of  the  flow  rather  than  the  details  of  the  sur¬ 
face  process.  A  relatively  simple  physical  model  has  been 
chosen  to  simulate  the  ablation  rate  from  the  surface.  It 
follows  generally  from  [6], 

It  is  assumed  that  the  ablation  occurs  through 
melting  of  the  surface  at  melting  temperature  Tm  of  the 
material.  The  ablation  mass  flow  rate  m  is  proportional 
to  radiative  heat  flux  and  is  given  as: 


(tT^ 


where  H  is  the  heat  of  fusion  of  the  material. 


The  material  properties  have  been  taken  from  [11]. 
The  computed  fluxes  of  mass,  energy,  and  momentum 
due  to  the  ablation  appear  as  boundary  values  for  the 
correspondent  fluxes  in  the  continuity,  momentum,  and 
energy  equations. 

RESULTS  AND  DISCUSSION 

The  state  of  the  simulation  at  238  flS  after  fus¬ 
ing  is  presented.  The  projectile  has  reached  the  velocity 
Vp,.  =  780  m/s,  is  located  at  a:  »  25  cm  and  the  length 
of  the  armature  is  approximately  11  cm.  The  plasma  ve¬ 
locity  vectors  in  the  projectile  reference  frame  and  cur¬ 
rent  density  contour  line  plots  are  superimposed  and  are 
shown  on  seven  different  surfaces.  They  represent  two 
insulator-to-insulator  and  two  rail-to-rail  planes,  includ¬ 
ing  the  central  planes  in  both  directions.  The  results 
are  also  shown  on  three  transverse  plane  cuts  through 
the  railgun  bore  -  near  the  reEu*,  middle  and  front  of  the 
armature  where  the  transverse  velocity  vectors  are  pre¬ 
sented.  The  relative  position  of  these  surfaces  is  shown 
in  Fig.  1. 

Let  us  first  examine  the  rail-to-rail,  A-R  and  8-R 
planes,  Figs.  2  and  3,  respectively.  We  notice  two  non- 
symmetric  circulation  patterns  of  a  different  intensity; 
the  small  one,  in  the  comer  between  rail  and  projec¬ 
tile  in  the  A-R  plane,  is  the  same  one  which  is  observed 
in  many  2-D  rail-to-rail  calculations  [4]- [6].  It  is  caused 
mainly  by  rail  ablation  where  the  ablat^  material  which 
is  entering  the  domain  with  the  negative  rail  velocity  is 
carried  away  from  the  projectile.  However,  the  second 
circulation  pattern  is  much  stronger,  and  it  causes  the 
appearance  of  a  flow  with  negative  velocity  on  the  cen¬ 
tral  insulator-to-insulator  plane  (see  A-I,  Fig.  4).  At  the 
T-91  (Fig.  5)  and  T-119  (Fig.  6)  plane  we  see  two  very 
well-defined  parts  of  this  circulation. 


Fig.  1.  Positions  and  identification  of  the  diagnostic 
planes. 
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"^ig.  2.  Velocity  vectors  and  contours  for  the  magnitude 
f  the  current  density  on  plane  A-R. 
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Fig.  5.  Velocity  vectors  and  contours  for  the  magnitude 
of  the  current  density  on  the  transverse  plane  T-91. 


Fig.  3.  Velocity  vectors  and  contours  for  the  magnitude 
of  the  current  density  on  plane  8-R. 


Fig.  6.  Velocity  vectors  and  contours  for  the  magnitude 
of  the  current  density  on  the  transverse  plane  T-119. 
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Fig.  4.  Velocity  vectors  and  contours  for  the  magnitude 
of  the  current  density  on  plane  A-I. 


An  explanation  of  this  phenomena  lies  in  the  fact 
that  the  rate  of  magnetic  field  diffusion  into  the  rail  at 
the  comer  between  the  rail  and  the  insulator  is  much 
faster  than  that  in  the  center  of  the  bore.  This  is  in¬ 
dicated  on  the  contour  plot  of  the  magnetic  field  shown 
in  Fig.  7.  As  a  consequence,  the  current,  which  flows 
where  the  magnetic  field  has  been  diffused,  is  concen¬ 
trated  off  the  center  line  in  a  region  near  the  comer,  as 
we  observe  on  A-I,  8-1  (Fig.  8)  and  T-91  planes.  That,  in 
turn,  causes  the  electromagnetic  force  to  be  very  nonuni¬ 
form  across  the  bore  and  its  maximum  is  shifted  away 
from  the  center  to  a  point  between  the  center  and  the 
wall.  As  a  result,  acceleration  of  the  plasma  taJces  place 
mostly  near  the  rail  in  the  8-1  plane. 

The  accelerated  plasma  reaches  the  projectile  with 
a  relative  positive  velocity  near  the  insulator-rail  comer 
(see  8-R  plane),  where  it  turns  diagonally  toward  the 
center  line  (see  T-126,  Fig.  9),  and  moves  away  from  the 


I 

I 
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Fig.  7.  Contour  plot  of  the  magnitude  of  the  magnetic 
field  at  the  transverse  plane  T-91. 
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Fig.  8.  Velocity  vectors  and  contours  for  the  magnitude 
of  the  current  density  on  plane  8-1. 
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Fig.  9.  Velocity  vectors  and  contours  for  the  magnitude 
of  the  current  density  on  the  transverse  plane  T-126. 


projectile  because  the  electromagnetic  force  is  not  suffi¬ 
cient  to  balance  the  pressure  gradient  in  the  armature  on 
the  A-I  plane.  Simultaneously,  a  stagnation  zone  exists 
on  the  A-R  plane  near  the  rail. 

Near  the  insulator,  a  relatively  cold  nonconducting 
layer  has  been  formed  due  to  ablation,  where  the  force  is 
much  smaller  than  in  the  center.  This  explains  the  high 
negative  velocities  of  the  plasma  and  ablative  products 
near  the  insulator  in  the  A-I  and  8-1  planes  as  well  as 
drift  of  the  plasma  toward  the  insulator  on  the  projectile 
surface.  As  one  can  see  on  the  8-1  plane,  some  pairt  of 
the  plasma  near  the  insulator  is  circulated  back  through 
the  armature  by  the  small  circulation  at  the  rear. 

The  existence  of  the  main  circulation  which  pushes 
the  plasma  forward  near  the  rail  surface  increases  the 
viscous  drag  on  the  rail,  and  may  be  an  additional  source 
of  losses  in  the  railgun.  Also,  the  hot  material  which 
moves  away  from  the  projectile  on  the  central  A-I  plane 
is  a  potential  source  for  elongation  of  the  armature  and 
the  development  of  secondaries.  Some  evidence  of  this 
can  be  seen  on  the  A-R  plane  where  current  contour  lines 
are  curved  toward  the  breech  along  the  center  line  of  the 
bore. 

Conclusions 

This  first  simulation  of  a  railgun  plasma  armature 
has  progressed  only  a  relatively  short  distance  down  the 
bore  at  this  time.  However,  the  qualitative  plasma  flow 
observed  from  this  3-D  simulation  is  different  in  signif¬ 
icant  ways  from  those  observed  in  either  rail-to-rail  or 
insulator-to-insulator  2-D  simulations.  In  particular,  the 
effects  of  current  diffusion  into  the  rail  leads  to  a  current 
distribution  that  peaks  between  the  axis  and  the  insu¬ 
lator.  This  current  distribution,  in  turn,  leads  to  larger 
velocity  gradients  and  viscous  losses  at  the  rail.  It  also 
creates  a  vortex  structure  which  carries  hot  armature 
materials  away  from  the  armature  along  the  axis,  elon¬ 
gating  the  current  distribution  in  the  armature.  This 
effect  could  be  a  precursor  of  secondary  arc  formation. 
Although  only  a  limited  portion  of  the  available  results 
was  presented  here,  other  variables,  such  as  tempera¬ 
ture,  pressure  and  electrical  conductivity  appear  to  be 
reasonable.  These  results  should  be  interpreted  as  a  pre¬ 
liminary  attempt  at  a  qualitative  understanding  of  the 
complex  flows  in  the  plasma  armature.  Much  auiditional 
work  will  be  required  to  provide  reliable,  quantitative 
simulations. 
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ABSTRACT 

A  2.4  m  long,  1  cm  diameter  round  bore  railgun  was  developed  and  operated  at  UTSI  to  investigate  the 
performance  of  trans-augmenied  and  muzzle  fed  plasma  armature  railguns.  The  railgun  was  designed  with  cq)per  rails 
and  G-9  insulators,  and  incorporated  a  single  augmenting  turn  which  could  be  converted  to  muzzle  feed.  The  barrel 
contained  an  array  of  B-dot  probes  spaced  10  cm  apart  to  provide  good  resolution  of  the  plasma  armature  current 
distribution  and  velocity.  A  MAVIS  electromagnetic  transducer  was  used  to  provide  accurate  measurements  of  the 
muzzle  velocity.  Gun  bore  lapping  and  cleaning  provided  a  high  quality  gun  bore  for  each  shot  and  repeatable 
multi-shot  data. 

A  carefully  planned  set  of  experiments  was  conducted  on  the  UTSI  railgun  operated  in  the  conventional, 
augmented  and  muzzle  fed  configurations.  Both  primary  and  augmenting  rails  were  operated  at  peak  currents  of  70  to 
140  kA.  The  oihanced  performance  provided  by  augmentation  was  found  to  be  significantly  less  than  predicted  by 
theory,  even  though  the  railgun  operated  without  the  formation  of  secondary  armatures.  These  results  indicated  th^ 
at  least  one  of  the  accepted  railgun  fcxce  or  drag  models  was  wrong.  The  muzzle-fed  railgun,  first  opoated  in  the 
former  Soviet  Union,  provided  very  poor  performance  results  in  the  UTSI  experiments.  Most  acceleration  was 
provided  by  electrothermal  forces  during  fusing.  A  three-dimensional  electrodynamics  code  MEGA  was  used  to 
evaluate  both  the  augmented  and  muzzle-fed  results.  The  experiments  and  the  MEGA  calculations  have  identified  the 
role  of  eddy  cunents  and  forces  in  the  rails,  in  the  reduction  of  armature  forces,  and  have  shown  that  the  muzzle  fed 
configuration  is  of  no  practical  interest  for  electromagnetic  launchers. 


1.  INTRODUCTION 

To  examine  the  effects  of  augmentation  UTSI  constructed  a  2.4  m  trans-augmented  railgun  designed  to 
function  in  either  conventional  or  augmented  mode.  The  design  was  such  as  to  allow  easy  conversion  to  a  muzzle 
fed  railgun.  The  purpose  of  the  trans-augmented  railgun  experiments  was  to  gain  an  improved  understanding  of  the 
effects  of  increasing  the  magnetic  flux  and,  therefore,  the  force  on  the  armature  while  still  operating  with  essentially 
the  same  power  dissipation  in  the  bore  [1]. 

The  muzzle  fed  experiments  were  done  to  understand  the  effects  associated  with  feeding  the  current  to  the 
armature  from  the  muzzle  instead  of  the  breech.  The  original  philosophy  was  that  the  muzzle  fed  railgun  would 
increase  the  impedance  path  for  secondaries  by  reducing  the  velocity  skin  effect,  and  would  reduce  rail  separation 
forces. 

This  paper  summarizes  three  series  of  experiments,  two  on  the  transaugmented  and  one  on  the  muzzle  fed, 
in  a  carefully  prepared  railgun  for  which  secondary  arcs  did  not  typically  form.  A  performance  model  was  constructed 
which  included  all  the  known  fluid  mechanical  drag  effects  and  electrothermal  acceleration.  This  model  was  used  to 
estimate  the  performance  losses  so  that  experimental  data  could  be  compared  with  ideal  electromagnetic  performance. 
For  the  transaugmented  case  the  electromagnetic  force  was  modeled  with  the  usual  [1] 

F  =  iU  M  h  h  . 

With  the  typical  energy  arguments  and  circuit  analysis  models  used  to  obtain  Equation  (1)  the  electromagnetic  force 


for  the  muzzle  fed  railgun  was  obtained  as 


F  =  A/'/?  -  i  l'  /?  . 

Comparison  of  the  experimentally  observed  velocity  with  the  performance  model  suggested  that  the  electromagnetic 
forces  had  been  overestimated.  We  have  performed  a  series  of  3-dimensional  (3-D)  electromagnetic  simulaticms  for 
all  three  configurations  with  moving  armatures  using  MEGA  [2],  The  axial  force  on  the  armature,  calculated  by 
taking  the  integral  of  J  x  B  over  the  armature,  was  compared  with  the  force  calculated  by  Equations  1  and  2  for  each 
configuration. 


II.  UTSI  RAILGUN  FACILITY 

A.  The  UTSI  Augmented  and  Muzzle  Fed  Railgun 

The  UTSI  railgun  was  constructed  with  a  2.4  m  long  barrel  and  a  1.0  cm  bore  diameter.  A  1.1  m  single 
stage  helium  gas  injector  provided  pre-acceleration  of  projectiles  into  the  railgun  with  a  velocity  of  approximately  1 
km/s.  The  design  featured  copper  rails  and  G-9  insulators  supported  by  a  G-10  substructure  as  shown  in  Fig.  1  [3]. 
The  configuration  of  the  G-10  backing  and  aluminum  anvils  were  the  same  as  used  in  Refs.  [3,4].  Two  separate  240 
kJ  capacitor  banks  and  two  separated  four  sectored  toroidal  inductcH'S  were  used  to  provide  independent  current  sources 
for  the  inner  and  augmenting  rails. 

For  the  muzzle  fed  railgun  the  current  was  provide  by  the  c£q)acitor  and  inductor  attached  to  the  breech  of  the 
augmenting  rails.  The  current  path  was  from  the  breech  of  the  augmenting  rails  to  the  muzzle,  where  the  inner  rails 
joined  the  augmenting  rails.  Lexan  projectiles  of  approximately  1  gm  mass  with  flexible  lip  seals  and  an  aluminum 
foil  fuse  were  used  for  all  shots. 

B.  Instrumentation  and  Experimental  Procedure 

Twenty-three  B-dot  probes  located  100  mm  apart  measured  changing  rail  current  and  were  used  to  obtain 
accurate  armature  positions  [5].  Two  pressure  transducers  were  located  95  and  55  mm  before  the  breech  end  of  the 
rails.  These  were  used  to  initiate  the  timing  of  the  data  acquisition  system  and  power  supplies,  to  measure  the 
entrance  velocity  of  the  projectile  into  the  rails  and  to  measure  the  initial  pressure  of  the  gas  in  the  bwe.  A  MAVIS 
electromagnetic  transducer,  placed  in  the  enclosed  flight  range,  was  used  to  provide  accurate  muzzle  velocity 
measurements  [6]. 

To  maintain  consistent  bore  quality  fw  conventional,  augmented  tuid  muzzle  fed  experiments,  before  eadi 
shot  the  bore  was  lapped  from  the  breech  of  the  light  gas  gun  to  the  muzzle  using  a  rotating,  expandable  iron  lap. 
After  lapping,  acetone  was  circulated  through  the  bore  to  remove  all  traces  of  lapping  compound  and  hydrocarbwis. 
The  bore  was  dried  under  vacuum  and  then  backfilled  with  one-half  atmosphere  of  helium.  A  bore  scope  was  used  to 
check  for  foreign  materials  or  incomplete  lapping,  and  was  used  after  each  shot  to  determine  the  degree  of  brae 
damage. 

Values  of  L',  the  self  inductance  per  unit  length,  and  M\  the  mutual  inductance  per  unit  length,  were  needed 
for  performance  evaluations.  These  values  were  calculated  using  the  2-D  cross  section  of  our  gun.  Figure  1,  at 
10,000  Hz  with  MEGA.  The  value  of  0.274  |j,H/m  was  obtained  for  L'  and  a  value  of  0.249  pH/m  was  obtained  for 
M'. 


ra.  EXPERIMENTAL  INVESTIGATION 


A.  Transaugmented  Railgun 

Two  series  of  experiments  wCTe  performed  for  the  transaugmented  case,  one  using  a  nominal  peak  armature 
current  of  70  kA  and  the  second  using  a  nominal  peak  current  of  100  kA.  For  each  series  the  armature  power 
dissipated  in  the  bore  remained  the  same,  while  the  peak  augmenting  current  ranged  from  0  to  140  kA,  with  an 


augmenting  current  of  0  kA  referring  to  a  conventional  railgun  shot.  This  gave  a  factor  of  three  range  of  total 
armature  force  for  the  70  kA  series  and  a  factor  of  two  range  for  total  armature  force  for  the  100  kA  series. 
Conventional  shots  at  higher  currents  were  performed  to  compare  with  the  augmenting  shots  at  the  higher  levels  of 
electromagnetic  impulse. 

The  results  of  these  experiments  are  given  in  Table  1.  The  measured  increase  in  projectile  momentum  was 
plotted  as  a  function  of  the  total  electromagnetic  impulse  in  Figure  2.  The  total  electromagnetic  impulse  was 
defined  as  the  integral  of  the  force  given  by  Equation  1  taken  over  the  time  the  projectile  was  in  the  barrel. 

It  can  be  seen  in  Figure  2  that  with  increasing  electromagnetic  impulse  the  efficiency  decreases.  At  the  low 
values  of  electromagnetic  impulse,  the  greater  than  100%  of  predicted  momentum  change  may  be  attributed  to 
continuing  gasdynamic  expansion  of  the  accelerator  gas  and  the  electrothermal  acceleration.  Primary  separation  was 
also  observed  for  all  shots  performed  on  the  UTSI  railgun.  MAVIS  measured  the  projectile  velocity  80  cm  after 
muzzle  exit  while  the  B-dot  probes  gave  the  armature  position  versus  time,  thus  after  differentiation,  armature 
velocity.  Figure  3  shows  a  70  kA  baseline  conventional  shot  for  which  the  armature  velocity  peaks  then  deaeases 
implying  primary  separation.  A  detailed  interpretation  of  this  data  is  given  in  Refs.  [1,7]. 

B.  Muzzle  Fed  Railgun 

For  the  muzzle  fed  case  one  70  kA  peak  current  and  three  100  kA  peak  current  shots  were  performed.  The 
results,  shown  in  Table  1,  were  quite  unexpected,  which  deemed  it  necessary  to  check  for  repeatability  in  performance 
for  at  least  one  current  level.  The  experiment  was  repeatable  and  the  B-dot  signals  showed  a  compact  armature 
without  a  secondary.  What  cannot  be  seen  from  the  B-dot  probes  but  is  seen  in  Figures  3  and  4 , 70  kA  and  100  kA 
peak  currents  respectively,  was  that  the  projectile  apparently  separated  from  the  armature  just  after  fusing.  The 
projectile  velocity  for  the  muzzle  fed  shots  considwably  exceeded  the  peak  armature  velocity  implying  early  primary 
separation. 

Equation  2  can  be  rearranged  in  the  form  1/2  L'tff  P  where  L'^ff  has  the  value,  obtained  from  U  and  A/',  of 
0.224  pH/m.  This  is  82%  of  the  value  of  L'  which  from  the  simple  model  of  the  electrranagnetic  fOTce  says  the 
force  for  the  muzzle  fed  railgun  should  have  been  82%  of  that  for  the  conventional.  However  as  can  be  seen  in  Table 
1,  and  Figures  3  and  4,  the  change  in  velocity  measured  for  the  muzzle  fed  case  is  well  below  half  that  measured  fix' 
the  conventional  case.  Where  did  the  excess  fwce  go? 


IV.  COMPARISON  WITH  THE  PERFORMANCE  MODEL 

A  railgun  performance  model  was  constructed  which  include  the  electrothermal  acceleration,  and  the  various 
fluid  mechanical  drag  mechanisms.  This  model  included  the  accelerating  effects  of  the  continued  expansion  of  the 
helium  accelerating  gas  and  the  electrothermal  acceloation  due  to  the  vaporization  and  heating  of  the  aluminum  foil 
fuse.  It  also  included  the  drag  effects  due  to  compression,  acceleration  and  viscous  drag  of  the  residual  IxHe  gas  ahead 
of  the  projectile,  the  vicious  drag  of  the  plasma  armature  and  ablation  drag.  The  details  of  this  model  have  been 
given  in  Refs.  [1,8,9]. 

Values  of  parameters  used  to  model  electrothermal  expansion  and  ablation  drag  were  obtained  from  the 
conventional  baseline  shots  of  70  kA  and  100  kA.  Inclusion  of  the  accelerating  gasdynamics  and  electrothermal 
effects  removed  the  greater  than  100%  momentum  efficiency  observed  at  the  lowest  values  of  electromagnetic 
momentum.  The  inclusion  of  various  drag  effects  improved  the  prediction  at  higher  values  of  electromagnetic 
momentum,  but  there  was  still  a  significant  deficit  in  performance,  as  shown  in  Figure  5. 

For  the  muzzle  fed  shots  again  the  same  parameters  obtained  for  the  conventional  shots  were  used.  The 
model  predictions  were  basically  the  same  as  predictions  made  by  Equation  2  alone.  The  model  included  the 
electrothermal  expansion  which  increased  the  value  {wedicted  by  the  model,  however  the  model  quit  calculating  at  the 
point  the  projectile  would  have  theoretically  exited  the  bore.  Values  for  Table  1  were  obtained  by  evaluation  of 
Equation  2  over  the  time  the  projectile  was  actually  in  the  bore,  which  was  considerably  longer  than  predicted  in  the 
model.  Figure  6  shows  a  comparison  of  the  experimental  velocity  increase  with  that  predicted  by  the  model  for  a 
100  kA  muzzle  fed  shot. 

For  a  given  series  of  transaugmented  experiments  with  fixed  armature  current  the  ablation  rate  remains 
essentially  constant  as  the  augmentation  is  increased.  Therefore,  the  electrothermal  acceleration  and  the  ablation  drag 


Table  1.  Summary  of  UTSI  2.4  m  Railgun  Experiments 


Shot 

Peak  Rail 

Peak  Aug- 

Mass  of 

Muzzle 

A  Vg 

A-ik 

Current 

mented 

projectile 

Velocity 

Measured 

A  V 

“  ^etectromagnetic 

(kA) 

Rail 

Current 

(kA) 

(gm) 

(km/s) 

(km/s) 

(%) 

Conventional 


8/16/91 

67 

0 

.980 

1.669 

.630 

116 

10/24/91 

105 

0 

.979 

2.258 

1.162 

101 

6/17/91 

106 

0 

.984 

2,476 

1.365 

115 

11/20/92* 

109 

0 

1.06 

2.008 

.988 

79 

9/19/91 

120 

0 

.992 

2.379 

1.299 

84 

9/6/91 

134 

0 

.994 

2.655 

1.602 

85 

7/30/91 

138 

0 

.996 

2.493 

1.469 

73 

Augmented 


9/25/91 

68 

30 

.980 

1.966 

.886 

99 

1/14/92 

67 

71 

.985 

2.333 

1.203 

87 

1/10/92 

64 

103 

.994 

2.36 

1.305 

78 

1/16/92* 

65 

138 

1.008 

2.418 

1.366 

66 

4/15/92 

65 

140 

1.008 

2.788 

1.692 

87 

1/17/92 

104 

49 

.992 

2.620 

1.539 

76 

10/29/91 

105 

107 

.995 

3.085 

1.990 

72 

6/28/91 

104 

108 

.968 

3.046 

1.950 

63 

7/10/91 

102 

142 

.969 

3.135 

2.055 

60 

Muzzle-Feed 


11/11/92 

70 

11/18/92 

106 

12/14/92a 

106 

1/27/93 

108 

1.03 

1.292 

.279 

67 

1.05 

1.470 

.457 

48 

1.06 

1.350 

<.400 

<41 

1.06 

1.496 

.429 

41 

*  Secondary  developed 

o  Entrance  velocity  could  not  be  determined  from  data.  Nominal  entrance  velocity  for  this  railgu 
has  been  1.0  ±  0,05  (km/s),  there  was  nothing  to  suggest  this  was  not  a  nominal  shot. 

V  =0.274  (fiH/m) 

M’  =0.249  QiU/m) 

Values  of  L’  and  M'  obtained  from  2D  MEGA  calculations  with  frequency  =  10,000  Hz. 


UTSI  Augmented  Railgun 


Total  Electromagnetic  Impulse  [N-s] 


Figure  3.  Comparison  of  conventional  and  muzzle  feed  rail  gun  shots  at  70  kA. 
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Figure  5.  Comparison  between  experimentally  observed  velocity  increase  and  performance  model  predictions  fo 
augmented  railgun. 


is  also  essentially  constant.  The  predicted  increase  in  velocity  with  increasing  augmentation  is  essentially  due  only 
to  the  increased  electromagnetic  force  provided  by  the  augmented  turn,  less  the  increased  viscous  drag  due  to  the 
higher  velocity.  Since  the  observed  increase  in  velocity  was  less  than  predicted,  we  suspected  that  the 
electromagnetic  force  model  was  inaccurate.  For  the  muzzle  fed  experiments,  again  these  statements  are  true  except 
that  now  the  viscous  drag  should  be  less  with  the  lower  velocities.  To  further  investigate  the  force  model,  we 
employed  3-dimensional  simulations  using  MEGA. 

It  should  also  be  noted  that  effects  due  to  primary  separation  are  not  well  understood  at  this  point  and  v/ert 
not  included  in  the  model. 


V.  3-D  ELECTROMAGNETIC  SIMULATIONS 

The  widely  used  simple  railgun  electromagnetic  force  model,  1/2  L'  P,  can  be  derived  in  several  ways.  The 
most  common  is  to  use  conservation  of  energy,  where  it  is  assumed  that  there  are  no  losses  due  to  eddy  currents  and 
that  all  of  the  electromagnetic  force  appears  in  the  moveable  armature.  Neither  of  these  assumptions  are  correct  for  a 
railgun  which  has  a  moving  armature  and  a  structure  excited  by  a  transient  current  pulse.  Eddy  currents  are  generated 
both  by  the  transient  pulse  and  the  moving  armature,  and  these  eddy  cumaits  reduce  the  energy  available  to  do  work 
on  the  armature.  Furthermore,  some  of  the  available  energy  acts  to  produce  a  force  on  the  rails  and  is  not  available 
to  the  armature.  Both  these  effects  reduce  the  electromagnetic  force  below  that  predicted  by  the  simple  force  model  of 
Equation  1  and  2. 

These  effects  are  largely  3-D  in  nature,  and  to  acquire  some  insight  into  these  processes  we  used  the  3-D, 
electromagnetic  code,  MEGA,  to  perform  simulations  on  a  simple  railgun  model.  This  simple  model  was  used, 
rather  than  the  exact  geometry  used  in  the  experiments,  since  modeling  the  complex  rail  cross  section  required  more 
computer  memory  than  was  available  on  our  IBM  RISC  6000  workstation. 

The  simulation  model  consisted  of  a  1  cm  square  bore  with  a  0.3  cm  long  solid  armature.  Both  rail  and 
armature  were  assumed  to  be  copper,  as  was  the  augmenting  turn.  In  ordCT  to  separate  the  effects  of  the  transient 
current  pulse  and  the  armature  motion,  simulations  were  performed  using  a  Helmholtz  step  function  with  an 
amplitude  of  100  kA  for  the  input  current  Calculations  for  both  the  augmented  and  muzzle  fed  railguns  used  the 
same  current  input  for  both  the  armature  and  for  the  augmenting  turn.  The  inductance  gradients  L'  and  M'  are 
inherently  2-D  parameters  in  which  it  is  assumed  that  the  self  and  mutual  inductance  are  linear  functions  of  railgun 
length.  In  order  to  compare  the  results  of  the  3-D  simulations  with  the  simple  force  model,  values  of  L'  and  M'  were 
calculated  as  a  function  of  time  for  this  same  current  input  using  a  2-D  MEGA  calculation  on  the  cross  section  of 
the  rails. 

For  the  simulation  parameters  chosen,  the  diffusion  of  the  magnetic  field  into  the  copper  structure  is 
essentially  complete  in  approximately  300  |xs.  During  this  time  the  values  of  U  and  M'  will  be  changing  as  the 
current  penetrates  deeper  into  the  structure. 

A  simulation  for  a  2-D  railgun  with  infinitely  wide  rails  was  performed  to  compare  with  the  3-D  case. 
Figure  7  shows  the  current  distribution  for  a  2-D  MEGA  simulation  with  an  armature  velocity  of  2  km/s  at  a  time 
of  300  ps.  In  the  2-D  case  the  B  field  is  trapped  in  the  bore  and  diffuses  from  the  back  of  the  armature  to  the  firont, 
and  from  the  inside  of  the  rails  to  the  outside.  The  effects  of  eddy  current  generation  due  to  armature  motion  remain 
in  the  rails  at  the  rear  of  the  armature  due  to  the  lack  of  field  diffusion  in  the  rails.  In  Figure  8  the  current 
distribution  for  a  3-D  MEGA  simulation  with  an  armature  velocity  of  2  km/s  at  a  time  of  300  ps  is  shown.  For  the 
3-D  simulation  the  B  field  wraps  around  the  armature  and  rails  allowing  the  field  to  diffuse  from  all  directions.  This 
accounts  for  the  eddy  current  generation,  due  to  armature  motion,  ahead  of  the  armature  and  for  the  circulating  current 
in  the  rails  above  the  armature.  These  two  cases  produce  significantly  different  current  distributions  and  thus 
different  force  distributions  in  the  armature. 

For  the  conventional  railgun  simulation  in  3-D  the  total  axial  force,  axial  force  on  the  armature  and  the 
force  predicted  from  the  simple  force  model  are  shown  in  Figure  9.  The  total  axial  force  is  obtained  by  integrating 
the  axial  component  of  J  x  B  over  the  whole  structure  consisting  of  both  armature  and  rails.  The  armature  force  is 
obtained  by  integrating  the  axial  component  of  J  x  B  over  the  armature  volume.  After  300  ps  the  2  km/s  armature 
force  is  approximately  8%  smaller  than  that  predicted  by  the  simple  force  model.  Note  that  the  fwce  predicted  by  the 
simple  model  at  a  frequency  of  10  kHz  (25  ps),  the  typical  practice  is  to  use  the  high  frequency  value  of  L'  for 
performance  evaluation,  is  almost  the  same  as  the  armature  force  after  the  field  has  diffused. 

The  forces  for  the  transaugmented  case  are  shown  in  Figure  10.  After  300  ps  the  2  km/s  armature  force  is 


Figure  7.  Current  density  for  an  armature  velocity  of  2  km/s  at  a  time  of  300  ys 
using  a  2-D  MEGA  simulation. 
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Figure  8.  Current  density  for  an  armature  velocity  of  2  km/s  at  a  time  of  300  ys 
using  a  3-D  MEGA  simulation. 


CALCUUTED  AXIAL  FORCES  -  CONVENTIONAL  RAILGUN 


CALCULATED  AXIAL  FORCES  -  TRANSAU6HENTED  RAIL6UN 


Figure  10.  Armature  and  total  railgun  axial  forces  for  the  augmented  railgun  at  an  armature  velocity  of 
2  km/s  using  3-D  MEGA  simulations. 


19%  smaller  than  that  fredicted  from  the  simple  force  model.  Comparing  the  simple  model  at  10,000  kHz  to  the 
value  of  the  armature  force  at  300  |xs  there  is  still  approximately  a  10%  deficit. 

In  Figure  1 1  the  forces  for  the  muzzle  fed  case  are  seen.  For  this  case  one  cannot  find  a  ixefared  frequency 
to  pick  his  value  of  L’  and  Af '.  Once  quasi-steady  state  has  been  reached  the  armature  force  is  only  62%  of  that 
predicted  by  the  simple  force  model. 


VI.  CONCLUSIONS 

3-D  simulations  using  MEGA  show  that  the  simple  force  model  overestimates  the  true  armature  force. 
This  is  significant  for  the  transaugmented  case  and  critical  in  the  muzzle  fed  case.  The  missing  force  is  found  to  be 
in  the  rails  themselves.  More  force  is  exerted  in  the  rails  for  the  augmented  and  muzzle  fed  cases  due  to  the 
augmenting  current  having  had  time  to  diffuse  into  the  interior  of  the  rail  prior  to  the  arrival  of  the  armature,  and  the 
transverse  component  of  rail  current  interacts  with  this  larger  magnetic  field.  This  acts  to  reduce  the  effectiveness  of 
the  augmenting  rails.  For  the  case  of  the  muzzle  fed  railgun  this  was  more  critical  since  all  accelerating  force  is 
provided  by  the  augmented  rail. 

These  facts  help  but  do  not  fully  explain  the  UTSI  railgun  experiments.  The  further  key  might  lie  in 
effects  associated  with  primary  separation,  which  are  not  yet  fully  understood.  For  the  muzzle  fed  experiments 
MAVIS  was  a  crucial  piece  of  instrumentation.  Had  it  not  been  for  MAVIS  the  exit  velocity  of  the  projectile  could 
not  have  been  determined,  thus  determining  primary  separation  would  not  have  been  so  straightforward. 

With  the  UTSI  performance  model  a  constant  mass  was  used  for  the  armature,  based  on  the  length  of  the 
armature  measured  by  the  B-dot  probes,  and  armature  temperature  and  composition  determined  from  spectroscopic 
measurements  made  on  the  plasma  armature  [1].  This  is  okay  as  long  as  there  is  no  mass  trapped  between  the 
armature  and  projectile.  Once  primary  separation  occurs  the  armature  could  start  acting  as  a  MHD  pump,  pumping 
material  into  the  region  between  the  armature  and  projectile.  This  material  would  not  show  up  on  the  B-dot  traces  if 
it  were  neuttal.  The  viscous  drag  associated  with  this  material  would  be  proportional  to  its  mass  and  could  account 
for  the  further  loss  in  performance. 

The  trans-augmented  and  muzzle  fed  railgun  have  turned  out  to  be  valuable  research  tools.  The  trans- 
augmenting  railgun  allows  one  to  vary  the  applied  electromagnetic  force  without  changing  the  power  dissipated  in 
the  bore.  The  muzzle  fed  railgun  has  allowed  us  to  quantify  the  effectiveness  of  the  augmenting  rail  in  a  more 
sensitive  way  than  with  the  transaugmented  railgun. 

More  importantly  the  muzzle  fed  railgun  could  help  us  to  gain  insight  into  primary  separation.  Primary 
separation  took  place  on  all  UTSI  railgun  shots  limiting  acceleration  of  the  projectile  at  the  end  of  each  shot. 
Primary  separation  was  much  more  serious  for  the  muzzle  fed  experiments.  Careful  bore  preparation  before  each 
shot  has  left  the  electromagnetic  current  and  force  distributions  as  the  major  difference  between  conventional  and 
muzzle  fed  shots.  These  differences  could  play  a  significant  role  in  the  fluid  dynamics  of  the  armature  and  contribute 
to  primary  separation. 


RECOMMENDATIONS 

Differences  between  the  muzzle  fed,  conventional  and  trans-augmented  cases  should  help  to  answer  questions 
as  to  what  causes  primary  separation.  MEGA  should  give  initial  insight  into  this  question  by  examining  the 
differences  in  J  x  B  force  distributions  over  the  armature  for  the  conventional,  transaugmented  and  muzzle  fed  cases. 
As  shown  by  MEGA  calculations  2-D  simulations  cannot  duplicate  the  force  distributions  seen  in  the  3-D 
conventional  railgun.  Even  mote  significant  is  the  fact  that  the  muzzle  fed  electromagnetic  force  distributions  cannot 
be  modeled  in  2-D.  The  electromagnetic  force  distributions  were  the  only  difference  in  the  conventional, 
transaugmented  and  muzzle  fed  experiments.  To  gain  real  insight  into  the  problem  of  primary  separation  a  3-D 
MHD  code  will  have  to  be  developed. 

Future  plans  for  the  UTSI  railgun  are  to  use  anew  cross  section  design  that  will  have  increased  values  for 
both  L'  and  M'.  The  bore  itself  will  be  identical  to  the  bore  we  are  currently  using.  By  varying  the 
electromagnetics  while  keeping  bore  conditions  constant  we  hope  to  gain  understanding  into  the  physics  that  limits 
railgun  performance. 
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Figure  11.  Armature  and  total  railgun  axial  forces  for  the  muzzle  fed  railgun  at  an  armature  velocity  of 
1  km/s  using  3-D  MEGA  simulations. 
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Abstract 

The  UTSI  2.4  m  transaugmented  railgun  was  reconfigured 
so  that  current  was  fed  from  the  breech  to  the  muzzle  along  the 
outer  rails  and  then  returned  to  the  armature  along  the  inner 
rails.  Experiments  were  performed  using  plasma  armatures  at 
peak  currents  of  70  and  100  kA.  At  a  peak  current  of  100  kA  the 
measured  increase  in  projectile  velocity  was  approximately  500 
m/s;  less  than  half  of  that  obtained  from  a  conventional  configu¬ 
ration  in  the  same  rail^n,  and  considerably  less  than  predicted 
for  the  muzzle  fed  configuration.  B-dot  probes  showed  that  the 
armature  was  very  compact,  but  separated  from  the  projectile 
soon  after  fusing.  Three-dimensional  (3-D)  finite  element  elec¬ 
tromagnetic  simulations  showed  that  the  electromagnetic  force 
on  the  armature  was  much  less  than  predicted  by  the  simple 
force  model.  The  reduction  in  force  was  due  primarily  to  axial 
forces  exerted  in  the  rails. 

1.  Introduction 

The  muzzle  fed  configuration,  reportedly  first  operated  in 
the  former  Soviet  Union,  is  a  railgun  in  which  the  current  is  fed 
into  the  breech  to  the  muzzle,  then  returned  to  the  armature 
via  the  muzzle.  Figure  1  shows  a  circuit  diagram  for  the  muzzle 
fed  configuration.  The  driving  force  in  a  muzzle  fed  railgun  is 
supplied  by  the  augmenting  rail  behind  the  armature.  In  front 


MUZZLE-FED  CIRCUIT 


Figure  1.  Muzzle  fed  circuit  diagram. 

of  the  armature  the  field  produced  by  the  inner  rails  is  mostly 
cancelled,  depending  on  the  coupling  between  the  augmenting 
and  inner  rads,  by  the  field  produced  by  the  augmenting  rEtils. 
Extending  the  circuit  analysis  used  to  predict  the  driving  force 
in  augmented  railguns  to  the  muzzle  fed  configuration,  the  elec¬ 
tromagnetic  force  for  the  muzzle  fed  case  was  obtained  as, 

+  .  (1) 

2 


Written  in  this  form  it  is  easy  to  see  that  as  the  rails  become 
more  coupled  and  the  value  of  M'  approaches  that  of  L\  Equa¬ 
tion  1  approaches  the  force  equation  for  a  conventional  railgun, 
1/2VP,  with  replacing  U.  The  first  expression  in  Equa¬ 
tion  1  is  the  force  due  to  the  magnetic  field  produced  by  the 
augmenting  radl  behind  the  armature  and  the  second  expression 
demonstrates  the  field  cancellation  in  front  of  the  armature. 

In  this  configuration  the  armature  moves  into  regions  of  the 
rail  where  the  field  has  already  diffused.  Cowan  suggested  that 
this  would  eliminate  the  high  current  densities  produced  at  the 
rear  of  solid  armatures  by  the  velocity  skin  effect  [1].  Our  further 
speculation  was  that  for  plasma  armatures  the  impedance  path 
for  secondaries  would  increase  in  this  configuration,  and  this 
might  delay  or  prevent  their  formation. 

Muzzle  fed  railgun  experiments  were  performed  at  UTSI 
with  the  same  bore  conditions  as  used  for  the  UTSI  transaug¬ 
mented  railgun  experiments  [2,3].  Results  of  these  experiments 
will  be  presented.  3-D  electromagnetic  simulations  were  per¬ 
formed  using  MEGA,  a  finite  element  code,  developed  at  the 
University  of  Bath  [4].  These  simulations  were  used  to  help 
analyze  the  experiments  and  explain  the  decidedly  poor  perfor¬ 
mance  of  the  UTSI  muzzle  fed  railgun. 

n.  UTSI  Railgun  Facility 

The  UTSI  2.4  m  bng,  1.0  cm  round  bore,  transaugmented 
railgun  was  converted  to  a  muzzle  feed  configuration.  A  1.1 
m  single  stage  helium  gas  injector  provided  pre-acceleration  of 
projectiles  into  the  railgun  with  a  velocity  of  approximately  1 
km/s.  The  rails  were  powered  by  two  240  kJ  capacitor  discharge 
power  supplies  each  of  which  were  connected  through  separate, 
four  sectored,  toroidal  inductors.  The  Lexan  projectiles  of  1  gm 
mass  utilized  lip  seals  and  were  initiated  with  an  aluminum  foil 
fuse. 

Twenty-three  B-dot  probes,  bcated  100  mm  apart,  mea¬ 
sured  changing  rail  current  and  were  used  to  obtain  accurate  ar¬ 
mature  positions.  A  MAVIS  electromagnetic  transducer,  placed 
in  the  enclosed  flight  range,  was  used  to  provide  an  accurate 
time-of-flight  measurement  of  projectile  velocity.  Consistent 
bore  quality  was  assured  for  each  experiment  by  lapping  the 
entire  railgun  from  the  light  gas  gun  to  the  muzzle  before  each 
shot  using  an  expandable  iron  lap.  After  lapping,  acetone  was 
circTilated  through  the  bore  and  ^ied  under  vacuum  to  remove 
all  traces  of  lapping  compound  and  hydrocarbon  residue.  This 
procedure  was  found  to  eliminate  secondary  arcs  and  provide 
repeatable  performance  of  our  gun.  Details  associated  with  the 
structure,  instrumentation  and  experimental  procedure  of  our 
railgun  can  be  found  in  References  2  and  3. 

Values  of  L\  the  self  inductance  per  unit  length,  and  M', 
the  mutual  inductance  per  unit  length,  were  needed  for  per¬ 
formance  evaluations.  These  values  were  obtained  from  a  2-D 
calculation  using  the  MEGA  code  for  the  cross  section  of  our 
gun  [2,3]  at  a  fr^uency  of  10  kHz.  The  value  of  0.274  ^H/m 
was  obtained  for  V  and  a  value  of  0.249  /iH/m  was  obtained  for 
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ni.  Experimental  Investigation 

Four  experiments  were  performed  on  the  muzzle  fed  railgun, 
one  at  a  peak  current  of  70  kA  and  three  at  a  peak  current  of 
100  kA.  The  experimental  results  are  given  in  Table  1,  together 
with  results  for  similar  experiments  in  the  conventional  config¬ 
uration  for  comparison.  The  increase  in  velocity  for  the  100' kA 
muzzle  fed  experiments  achieved  less  than  50%  of  the  expected 
change  in  velocity  calculated  from  Equation  1.  This  was  even 
more  significant  than  it  appears,  since  most  of  the  acceleration 
seen  in  the  experiment  could  be  accounted  for  by  thermal  forces 
exerted  during  the  fusing  transient.  Since  the  initial  experimen¬ 
tal  results  differed  so  much  from  prediction,  three  experiments 
were  performed  at  100  kA  to  establish  repeatability. 


Table  1.  Summary  of  UTSI  2.4  m  Muzzle  Fed  Railgun  Experi¬ 
ments. 


Shot 

Type 

Peak  Rail 

Current 

(kA) 

Mass  of 
projectile 
(gm) 

Muzzle 

Velocity 

(km/s) 

A  Vg 

Measured 

(km/s) 

A  vg 

08/1  6/91 

Conven 

67 

.980 

1.669 

.630 

116 

10/24/91 

Conven 

105 

.979 

2.258 

1.162 

101 

06/17/91 

Conven  I 

106  I 

.984 

2.476 

1.365 

115 

11/20/92* 

Conven 

109 

1.06 

2.008! 

.988 

79 

11/11/92 

Muz  Fed 

70 

1.03 

1.292 

.279 

67 

11/18/92 

Muz  Fed 

106 

1.05 

1.470 

.457 

48 

12/14/92» 

Muz  Fed 

106 

1.06 

1.350 

<.400 

<41 

01/27/93 

Muz  Fed 

108 

1.06 

1.496 

.429 

41 

•  Secondary  developed 

n  Entrance  velocity  could  not  be  determined  from  data.  Nominal  entrance 


velocity  for  this  railgun  has  been  1 .0  ±  0.05  (km/s),  there  was  nothing 
to  suggest  this  was  not  a  nominal  shot. 

The  B-dot  signals  indicated  a  compact  well-formed  plasma 
armature  with  no  evidence  of  secondary  formation.  Figure  2 
shows  the  armature  velocity  obtained  from  the  B-dot  probes, 
together  with  the  exit  velocity  obtained  from  MAVIS,  notice  the 
severe  primary  separation.  Results  for  a  similar  experiment  in 
the  conventional  railgun  configuration  are  also  shown  in  Figure 
2  for  comparison.  The  armature  velocity  scarcely  exceeds  the 
initial  velocity.  It  is  likely  that  most  of  the  increase  in  projectile 
velocity  is  due  to  the  electrothermal  “kick”  which  accompanies 
the  fusing  transient. 


Equation  1  can  be  rearranged  in  the  form  1/2L'^/^  where 
L'ff  has  the  value,  obtained  from  U  and  Af',  of  0.224  /xH/m. 
This  is  82%  of  the  value  of  L\  Prom  the  simple  electromagnetic 
force  models  the  force  for  the  muzzle  fed  shots  should  have  been 
82%  of  that  for  the  conventional  shots.  However,  as  can  be  seen 
in  Table  1  and  Figure  2,  the  change  in  velocity  measured  for  the 
muzzle  fed  configuration  was  less  than  half  of  that  measured  for 
the  conventional  case.  There  were  no  secondary  arcs  or  other 
anomolous  effects  observed,  so  where  did  the  excess  force  go?  We 
conducted  some  3-D  electrodynamic  simulations  using  MEGA  to 
help  formulate  an  answer  to  this  question. 


rv.  3-D  Electromagnetic  Simulations 


The  3-D  finite  element  code  MEGA  was  used  to  simulate 
a  generic  muzzle  fed  railgun  in  order  to  provide  some  insight 
into  these  experimental  results.  A  simple  generic  railgun  model 
was  used,  rather  than  the  exact  geometry  used  in  the  experi¬ 
ments,  since  modelling  the  complex  rail  cross  section  required 
more  memory  than  was  available  on  our  IBM  RISC  6000  work¬ 
station. 

The  simulation  model  consisted  of  a  1  cm  square  bore  rail¬ 
gun  with  a  0.5  cm  long  solid  armature.  The  rail  width  was  1  cm 
and  the  rail  thickness  was  3  mm.  The  separation  of  inner  and 
augmenting  rail  was  1.5  mm.  Copper  was  assumed  for  both  rails 
and  armature.  A  Helmholtz  step  function  input  current  with  an 
amplitude  of  100  kA  was  used  for  both  fixed  armatures  and  con¬ 
stant  velocity  moving  armatures.  Details  of  the  simulation  can 
be  found  in  Reference  5,  presented  in  these  proceedings. 

Using  MEGA,  the  axial  component  of  the  JxB  force  was 
integrated  just  over  the  armature  and  also  over  the  total  compu¬ 
tational  domain.  Figure  3  shows  the  axial  force  in  the  armature 
and  the  total  axial  force  f9r  an  armature  velocity  of  1  km/s, 
together  with  the  force  predicted  by  Equation  1.  The  field  dif¬ 
fused  into  the  structure  reaching  a  steady  state  in  approximately 
300  /xs.  Note  that  the  effective  value  of  V  decreases  in  time  as 
the  fields  diffuse  into  the  structure.  This  is  opposite  the  effect 
observed  for  the  conventional  railgun.  The  MEGA  simulations 
predict  that  the  total  axial  force  exerted  on  the  structure  (rails 
plus  armature)  at  300  ;xs  are  13%  greater  than  predicted  by 
Equation  1.  However,  the  force  exerted  on  the  armature  is  only 
53%  of  the  total  force  and  59%  of  the  force  predicted  by  Equa¬ 
tion  1. 


I 

I 

I 

I 
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Figure  2.  Comparison  of  conventional  and  muzzle  fed  railgun 
shots  with  100  kA  peak  current. 
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Figure  3.  Armature  and  total  axial  forces  for  the  muzzle  fed| 
railgun  at  an  armature  velocity  of  1  km/s  using  3-D  MEGA 
simulations. 


The  difference  in  the  axial  force  on  the  annatxxre  and  ^na¬ 
tion  1  results  from  force  exerted  in  the  rails,  82%  of  which  is 
found  behind  or  above  the  armature.  The  magnetic  field  pro- 
duced  by  the  current  in  the  outer  rail  diffuses  into  the  inner  rail 
prior  to  the  arrival  of  the  armature.  A  large  eddy  current  forms 
in  the  rail  behind  the  armature,  and  the  transverse  component 
of  this  current  interacts  with  the  magnetic  field  from  the  outo 
rail  to  produce  the  large  axial  rail  force  (Figure  4).  Figure  4  is 
in  the  plane  of  symmetry  between  the  insulators. 


It  was  suggested  by  Cowan  [1]  that  the  muz2le  fed  con¬ 
figuration  could  reduce  the  velocity  skin  effect.  The  current 
distribution  for  the  muzzle  fed  configuration  with  an  armature 
velocity  of  1  km/s,  as  calculated  with  MEGA,  was  more  uniform 
than  for  the  conventional  case  (Figure  5).  The  peak  current  den¬ 
sity  in  the  armature  of  the  muzzle  fed  case  was  approximately 
half  that  seen  in  the  conventional  case,  and  appeared  in  the  rear 
of  the  armature  for  both  cases.  For  the  generic  model  used  in 
our  simulations,  one  would  have  to  approximately  double  the 
total  current  in  the  muzzle  fed  case  to  achieve  the  same  driving 
force  as  in  the  conventional  case,  thus  eliminating  any  advan¬ 
tages  gained. 


V.  Summary 

Plasma  armature  experiments  in  a  muzzle  fed  railgun  have 
shown  significantly  poorer  performance  than  a  conventional  rail- 
gun.  The  3-D  MEGA  simulations  for  the  muzzle  fed  railgun  have 
shown  that  the  simple  force  model  overestimates  the  armature 
force  by  a  factor  of  approximately  two.  A  significant  fraction 
of  the  available  force  predicted  by  Equation  1  acts  to  produce 
an  axial  force  in  the  rails.  By  identifying  the  inadequacy  of  the 
simple  force  model,  we  have  accounted  for  a  large  fraction  of 
the  velocity  deficit  that  might  otherwise  have  been  attributed 
to  fluid  mechanical  drag  effects.  The  muzzle  fed  configuration 
has  been  found  to  be  of  no  practical  interest  for  electroma^etic 
launchers.  However,  as  with  the  transaugmented  railgun,  it  has 
txirned  out  to  be  a  valuable  research  tool. 
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Abstract 

Recent  experiments  in  the  UTSI  2.4  m  railgun  have  led 
us  to  reexamine  the  electromagnetic  force  in  railguns.  The  3- 
dimensional  (3-D)  finite  element  code  MEGA,  developed  at  the 
University  of  Bath,  was  used  to  simulate  the  transient  electro¬ 
magnetic  field  in  conventional,  transaugmented  and  mu2zle  fed 
railgun  configurations.  These  time-dependent  simulations  used 
a  step  input  of  current  together  with  armature  velocities  of  0,  1 
and  2  km/s.  The  force  available  to  the  armature  was  found  to 
be  less  than  predicted  by  the  inductance  gradient  of  the  railgun. 
The  missing  force  on  the  armature  was  primarily  due  to  forces 
exerted  in  the  rails. 

I.  Introduction 

Failure  of  the  UTSI  transaugmented  [1],  muzzle  fed  [2]  and 
conventional  railgim  experiments  to  agree  with  the  standard  rail- 
gun  models  have  led  us  to  reexamine  the  electromagnetic  force 
in  railguns.  Rashleigh  and  Marshall  reported  the  force  exerted 
on  the  armature  and  projectile  of  a  conventional  railgun  to  be, 

F  =  iL7^  (1) 

where  V  is  the  self  inductance  per  unit  length  of  the  rails  and 
/  is  the  driving  current  [3].  The  most  common  way  to  obtain 
Equation  1  is  through  conservation  of  energy  for  a  conservative 
system  where  it  is  assumed  that  there  are  no  eddy  currents  and 
that  all  of  the  mechanical  work  done  by  the  system  results  from 
the  armature  motion.  The  electromagnetic  force  on  the  arma¬ 
ture  of  a  transaugmented  railgun  obtained  in  this  same  manner 
is, 

F  =  -L'll  +  M'hh,  (2) 

where  M'  is  the  mutual  inductance  per  unit  length  of  the  rails. 
The  electromagnetic  force  on  the  armature  of  a  muzzle  fed  rail- 
gun  is  similarly, 

F  -  L')I\  (3) 

Equations  1,  2  and  3  will  be  referred  to  as  the  simple  force  model 
(SFM). 

There  are  three  important  assumptions  in  the  derivation  of 
the  SFM:  The  system  is  conservative,  the  mutual  and  self  induc¬ 
tances  of  the  railgun  circuits  are  proportional  to  the  length  of 
the  circuit  and  all  the  mechanical  work  is  done  by  the  armature. 
The  first  is  violated  because  eddy  currents  are  generated  both 
by  the  transient  current  pulses  used  in  railguns  and  by  the  rela¬ 
tive  motion  of  the  rails  and  the  armature.  These  eddy  currents 
violate  the  assumption  of  a  conservative  system  and  reduce  the 
magnetic  energy  available  to  do  mechanical  work.  The  second  is 
violated  because  the  induction  of  the  circuit  changes  with  time 
due  to  diffusion  of  the  magnetic  fields  into  the  railgun  structme 
and  changes  in  the  magnetic  field  near  the  armature  caus^  by 
velocity  induced  eddy  currents  in  the  rails.  The  third  is  incor- 
rea  since  some  of  the  axial  force  in  a  railgun  is  exerted  directly 
m  the  rails  producing  stradn  energy  in  the  structure  rather  than 
force  on  the  armature. 


The  railgun  is  a  3-D  device,  and  2-D  analyses  of  the  mag¬ 
netic  fields  do  not  accurately  predict  the  eddy  currents  that 
exist  in  the  3-D  structure.  We  ^ve  used  the  3-D  finite  element 
code  MEGA,  developed  at  the  University  of  Bath  [4],  to  analyze 
conventional,  transaugmented  and  muzzle  fed  railgun  configu¬ 
rations.  These  simulations  provide  insight  into  the  complicated 
transient  magnetic  field  structure  and  provide  an  estimate  for 
the  magnitude  of  the  available  armature  force. 

TT.  3-D  Electromagnetic  Simulations 

A  simple  generic  railgun  model  was  used  for  these  simula¬ 
tions,  rather  than  the  exact  geometry  used  in  the  UTSI  exper¬ 
iments,  since  modeling  the  complex  rail  cross  section  required 
more  memory  than  was  available  on  our  IBM  RISC  6000  work¬ 
station. 

The  generic  model,  shown  in  Figure  1,  consisted  of  a  1  cm 
square  bore  railgun  with  a  0.5  cm  long  solid  armature.  The 
width  of  the  inner  and  augmenting  rails  were  the  same  aind  equal 
to  the  armature  width.  The  rails  were  3  mm  thick  with  a  1.5  mm 
gap  between  the  inner  and  augmenting  rails.  Both  the  rails  and 
armature  were  assumed  to  be  copper,  as  was  the  augmenting 
turn.  Fixed  and  constant  armature  velocity  simulations  of  1 
and  2  km/s  were  performed.  A  Helmholtz  step  function  input 
current  of  100  kA  was  used  for  all  simulations.  By  using  a  step 
input,  instead  of  a  typical  current  pulse,  a  quasi-steady- state  was 
reached  after  a  period  of  time  and  made  it  possible  to  separate 
the  transient  effects  from  the  effects  of  the  armature  motion. 


1-T546  PS-00S3 


Figure  1.  Sketch  showing  the  section  through  the  generic  railgun 
used  for  presentation  of  graphical  results  from  MEGA  simula¬ 
tions. 
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Calculations  for  the  transaugmented  and  muzzle  fed  raiigun 
used  the  same  current  input  for  both  the  armature  and  for  the 
augmenting  turn.  The  “inductance  gradients”  V  and  M',  are 
inherently  2-D  parameters  in  which  it  is  assumed  that  the  self 
and  mutual  inductance  are  linear  functions  of  railgim  length. 
In  order  to  compare  the  results  of  the  S-D  simulation  with  the 
SFM,  values  of  V  and  M'  were  calculated  as  a  function  of  time 
for  this  same  current  input  using  a  2-D  MEGA  calculation.  For 
the  3-D  cases,  the  axial  force 

F,  =  J  3  xBzdV,  (4) 

was  integrated  over  both  the  armature  region  and  the  total  com¬ 
putational  domain  to  obtain  the  driving  force  on  the  armature 
(Fa)  and  the  total  force  (Ft)  in  the  axial  direction.  The  differ¬ 
ence  between  the  two  was  the  axial  force  exerted  in  the  rails. 

For  the  3-D  case  there  was  no  way  to  explicitly  check 
MEGA’s  accuracy.  The  muzzle  fed  case  offered  the  most  tmex- 
pected  results  and  was  checked  for  grid  dependencies  over  grids 
which  doubled  in  node  spacing  in  the  xy-plane  (cross  section 
of  the  raiigun)  and  along  the  z-axis  (direction  of  armature  ac¬ 
celeration).  By  doubling  the  node  spacing  in  the  xy-plane  Fa 
changed  by  approximately  1.5%  indicating  little  grid  dependence 
in  this  plane.  The  node  spacing  was  doubled  three  times  in  the 
z-direction  to  create  four  separate  grids.  The  armature  force 
was  sensitive  to  the  spacing  in  the  z-direction  but  appeared  to 
approach  a  limiting  value  with  smaller  grid  spacing. 

There  was  a  slight  time  step  dependence  of  the  value  ob¬ 
tained  for  the  forces.  For  the  simulation  parameters  chosen,  the 
diffusion  of  the  field  into  the  copper  structure  was  essentially 
complete  in  approximately  300  /xsec.  The  time  step  and  interval 
were  both  set  to  obtain  maximum  resolution  during  the  transient 
part  of  the  problem. 

A  2-D  raiigun,  one  with  infinitely  wide  rails,  was  also  sim¬ 
ulated  and  compared  with  the  3-D  conventional  case. 

III.  Results 

Figure  2  shows  the  current  distribution  at  300  /zsec  for  the 
2-D  raiigun  with  an  armature  velocity  of  2  km/s.  The  current 
concentrated  at  the  rear  of  the  armature  and  there  was  no  cur¬ 
rent  in  the  rails  ahead  of  the  armature.  Figure  3,  shown  in  the 
plane  of  symmetry  between  the  insulators  (see  Figure  1),  shows 


Figure  2.  Current  density  for  an  armature  velocity  of  2  km/s  at 
a  time  of  300  /xs  using  a  2-D  MEGA  simulation. 
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Figure  3.  Current  density  for  an  armature  velocity  of  2  km/s  atj 
a  time  of  300  fis  using  a  3-D  MEGA  simulation. 


the  current  distribution  at  300  /isec  for  the  3-D  convention 
raiigun  with  an  armature  velocity  of  2  km/s.  Eddy  current^ 
were  generated  in  front  of  the  armature  for  this  case,  since  in  | 
3-D  the  B-field  can  wrap  around  the  armature  and  penetrate 
into  the  region  ahead  of  it.  In  the  2-D  case  the  B-field  in  frontj 
of  the  armature  between  the  rails  was  zero. 

Table  1  lists  the  armature  force,  the  total  force  and  thel 
force  calculated  from  the  SFM  at  300  /xsec  for  the  conventional! 
transaugmented  and  muzzle  fed  railguns.  Figure  4  shows  thJ 
axial  force  in  the  armature  and  the  total  axial  force  for  an  ar^H 
mature  velocity  of  2  km/s,  together  with  the  force  predicted  hy\ 
the  SFM.  For  the  conventional  case  it  is  seen  that  the  total  forcd 
was  in  relative  agreement  with  the  SFM.  The  armature  force  fol 
the  stationary  armature  case  was  less  than  that  for  the  case  witW 
a  moving  armature.  This  is  due  to  the  velocity  skin  effect  which  I 
limits  penetration  of  the  magnetic  fields  into  the  rails  near  th^ 
armature  and  reduces  the  fraction  of  the  total  force  which 
exerted  on  the  rails. 


Figure  4.  Armature  and  total  axial  forces  for  the  convent iona 
raiigun  at  an  armature  velocity  of  2  km/s  using  a  3-D  MEGA 
simulation.  m 
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Table  1.  The  Armature,  Total  and  Simple  Model  Forces  at  300 
fisec. 


ARMATURE 

Fa 

Ft 

SFM 

CONVENinONAL 

Stationary 

2500 

2907 

2938 

2  km/s 

2708 

2838 

TRANS 

AUGMENTED 

Staticxiary 

5564 

7080 

7098 

2  km/s 

5704 

6608 

MUZZLE  FED 

Stationary 

581 

1323 

1243 

1  km/s 

738 

1418 

For  the  transaugmented  case  with  an  armature  velocity  of  2 
km/s,  once  quasi-steady- state  had  been  reached,  the  SFM  over¬ 
estimated  the  armature  force  by  19%.  If  one  were  to  use  the 
high  frequency  limit  values  for  L'  and  M\  the  typical  practice 
for  performance  evaluation,  then  the  armature  force  would  be 
overestimated  by  10%.  Figure  5  shows  the  forces  for  the  2  km/s 
case  as  a  function  of  time.  The  armature  force  remains  rel¬ 
atively  constant  in  time  while  the  total  force  increases  as  the 
B-field  penetrates  into  the  structxire  [5]. 


Time  [ms] 


Figure  5.  Armature  and  total  axial  forces  for  the  augmented 
railgun  at  an  2Lrmature  velocity  of  2  km/s  using  a  3-D  MEGA 
simulation. 

Figure  6  shows  the  axial  force  in  the  armature  and  the  total 
2ixial  force  for  an  armature  velocity  of  1  km/s,  together  with 
the  force  predicted  by  Equation  3.  For  the  muzzle  fed  case  the 
armature  force  was  only  59%  of  that  predicted  by  the  SFM  for 
an  armature  velocity  of  1  km/s,  once  quasi-steady-state  had 
been  reached.  Unlike  the  transaugmented  case  this  prediction 
becomes  worse  when  taking  the  high  frequency  values  of  the 
inductance  gradients.  This  shows  a  significant  breakdown  of 
the  SFM  used  to  calculate  the  armature  force.  Details  of  the 
experimental  results  for  the  muzzle  fed  railgun  are  described  in 
another  paper  in  these  proceedings  [2]. 


Figiore  6.  Armature  and  total  axial  forces  for  the  muzzle  fed 
railgun  at  an  armature  velocity  of  1  km/s  using  3-D  MEGA 
simulations. 

IV.  Conclusions 

3-D  simuiations  using  MEGA  show  that  the  SFM  overes¬ 
timates  the  true  armature  force.  The  difference  was  larger  for 
the  transaugmented  case  than  the  conventional  case  because  a 
larger  fraction  of  the  available  force  was  exerted  in  the  rail.  This 
occurs  because  the  field  from  the  augmenting  rail  has  had  time 
to  diffuse  into  the  interior  of  the  rail  prior  to  arrival  of  the  arma¬ 
ture.  The  SFM  overestimates  the  armature  force  for  the  muzzle 
fed  railgun  by  nearly  a  factor  of  two. 
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power  dissipated  in  the  armature.  The  additional 
magnetic  field  provided  by  augmentation  makes  it 
possible  to  vary  the  total  electromagnetic  force  at  a 
constant  dissipated  armature  power. 


Abstract 

A  2.4  m  long,  1  cm  diameter  railgun  was  constructed 
to  permit  careful  experimental  comparison  of  the  per¬ 
formance  obtained  with  plasma  armatures  in  both 
conventional  and  transaugmented  railgun  configura¬ 
tions.  A  performance  model  was  developed  which  in¬ 
cluded  the  effects  of  electrothermal  acceleration,  com¬ 
pression  of  the  bore  gases  ahead  of  the  projectile,  vis¬ 
cous  and  ablation  drag.  The  electromagnetic  forces 
were  modeled  as  \/2Vli  +  M'Ji/2.  Comparison 
of  the  experimental  result  revealed  that  at  least  one 
of  the  force  or  drag  models  was  incorrect.  Subsequent 
examination  of  the  electromagnetic  forces  using  the 
three-dimensional  electromagnetic  code  MEGA  indi¬ 
cates  that  the  electromagnetic  force  is  less  than  that 
predicted  using  the  simple  circuit  model. 

Introduction 

In  the  seminal  experiments  of  Rashleigh  and  Marshall 
[1]  in  1978,  railguns  achieved  a  velocity  of  5.9  km/s. 
Since  that  time,  the  velocity  performance  of  railguns 
has  been  predicted  using  the  circuit  model  value  of 
1/2L^P  for  the  electromagnetic  force.  Hawke  [2] 
conducted  a  series  of  experiments  in  a  5.2  m  long 
railgun  and  showed  a  significant  departure  from  the 
predicted  velocity  in  the  range  of  4  km/s.  High  veloc¬ 
ity  railgun  experiments  using  plasma  armatures  have 
largely  failed  to  achieve  their  predicted  velocity,  and 
for  the  most  part  have  not  exceeded  the  nominal  6 
km/s  achieved  in  1978.  Parker  [3,4]  attributed  this 
discrepancy  to  armature  fluid  effects,  primarily  ^ab¬ 
lation  drag  and  the  resulting  secondary  arc  forma¬ 
tion,  and  suggested  the  use  of  ablation  resistant  ma¬ 
terials  for  the  rails  and  insulator.  However,  conven¬ 
tional  railguns  utilizing  ablation  resistant  bore  ma¬ 
terials  have  generally  failed  to  exceed  the  nominal  6 
km/s  barrier. 

The  transaugmented  railgun  is  an  ideal  experimental 
configuration  to  investigate  the  forces  in  a  railgun, 
since  it  permits  a  decoupling  of  the  total  electromag¬ 
netic  force  and  the  power  dissipated  in  the  armature. 
In  most  ablation  drag  models  the  rate  of  mass  abla¬ 
tion  is  assumed  to  be  proportional  to  the  electrical 


We  have  conducted  two  series  of  experiments  in  a 
carefully  prepared  railgun  in  which  no  secondary  arcs 
formed  and  the  armature  currents  were  essentially 
constant.  It  was  possible  to  vary  the  total  electro¬ 
magnetic  force  by  as^much  as  a  factor  of  three  using 
an  independently  powered  augmenting  turn  [5].  A 
detailed  performance  model  was  constructed  which 
includes  all  the  known  fluid  mechanical  drag  effects, 
electrothermal  acceleration  and  the  usual  model  for 
the  electromagnetic  force  [5], 

F  =  l/2L'lj  +  M'hl2.  (1) 

Comparison  of  the  experimentally  observed  veloc¬ 
ity  with  the  performance  model  suggested  that  the 
electromagnetic  forces  had  been  overestimated.  We 
have  performed  a  series  of  3-dimensional  electromag¬ 
netic  simulations  of  both  conventional  and  augmented 
railgun  configurations  with  moving  armatures  using 
MEGA  [6].  These  simulations  show  that  the  electro¬ 
magnetic  force  on  the  armature  is  reduced  below  that 
predicted  by  the  simple  circuit  model  in  Equation  1. 

Transaugmented  Railgun 
Experiments 

The  UTSI  transaugmented  railgun  was  designed  to 
function  as  either  a  conventional  or  augmented  rail¬ 
gun  with  a  2.4  m  long  barrel  and  a  1.0  cm  bore  di¬ 
ameter.  A  1.1  meter  single  stage  helium  gas  injector 
provided  pre-acceleration  of  projectiles  into  the  rail¬ 
gun  with  a  velocity  of  approximately  1  km/s.  The 
design  featured  copper  rails  and  G-9  insulators  sup¬ 
ported  by  a  G-10  substructure  [5].  The  armature  and 
augmentor  circuits  were  powered  by  separate  240  kJ 
capacitor  discharge  power  supplies  connected  through 
separate  four-sectored,  toroidal  inductors.  Lexan  pro¬ 
jectiles  of  approximately  1  gm  mass  with  flexible  lip 
seak  and  an  aluminum  foil  fuse  were  used  to  initiate 
the  plasma  armatures. 
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Twenty-three  B-dot  probes  located  100  mm  apart 
measured  changing  rail  current  and  were  used  to  ob¬ 
tain  accurate  armature  positions.  Two  z-axis  (ori¬ 
ented  to  measure  the  primary  magnetic  field  compo¬ 
nent)  and  three  armature  B-dots  were  also  installed. 
Two  pressure  transducers  were  located  95  and  55  mm 
before  the  breech  end  of  the  rails.  These  were  used 
to  initiate  the  timing  for  the  data  acquisition  system 
and  power  supplies,  to  measure  the  entrance  velocity 
of  the  projectile  as  it  entered  the  rails  and  to  measure 
the  pressure  of  the  gas  in  the  bore.  A  MAVIS  elec¬ 
tromagnetic  transducer,  placed  in  the  enclosed  flight 
range,  was  used  to  provide  accurate  muzzle  velocity 
measurements  [7]. 

Consistent  bore  quality  for  both  conventional  and 
augmented  shots  was  maintained  by  lapping  the  en¬ 
tire  railgun  from  the  light  gas  gun  to  the  muzzle  using 
a  rotating,  expandable  iron  lap  before  each  shot.  Af¬ 
ter  lapping,  acetone  was  circulated  through  the  bore 
and  then  dried  under  vacuum  to  remove  all  traces 
of  lapping  compound  and  hydrocarbon  residue.  This 
procedure  was  found  to  eliminate  the  secondary  arcs 
which  are  often  observed  when  using  plasma  arma¬ 
tures. 

Two  series  of  experiments  were  performed,  one  us¬ 
ing  a  nominal  peak  armature  current  of  70  kA  and 
the  second  usipg  a  nominal  peak  current  of  100  kA. 
Since  the  muzzle  voltage  was  essentially  the  same  at 
either  current,  this  resulted  in  an  increase  of  the  dis¬ 
sipated  armature  power  of  approximately  43%  with 
the  higher  peak  current,  independent  of  the  degree  of 
augmentation.  In  the  absence  of  augmentation  the 
self  armature  force  was  greater  by  a  factor  of  approx¬ 
imately  two  at  the  higher  current.  The  augmenting 
current  ranged  from  zero  to  140  kA  giving  a  factor  of 
three  range  of  total  armature  force  for  the  70  kA  se¬ 
ries  and  a  factor  of  two  range  of  total  armature  force 
for  the  100  kA  series. 

The  results  of  these  experiments  are  given  in  Table 
1.  The  measured  increase  in  projectile  momentum  is 
plotted  as  a  function  of  the  total  electromagnetic  im¬ 
pulse  in  Figure  1.  The  total  electromagnetic  impube 
is  defined  as  the  integral  of  the  force  given  by  Equa¬ 
tion  1  over  the  time  the  projectile  is  in  the  barrel.  A 
straight  line  representing  equality  of  impulse  and  mo¬ 
mentum  is  also  plotted  for  comparison.  At  the  lowest 
range  of  values,  some  of  the  measured  values  of  mo¬ 
mentum  increase  exceed  that  expected  from  the  elec¬ 
tromagnetic  force,  even  though  no  drag  mechanisms 
are  included.  At  low  values  of  electromagnetic  im¬ 
pulse,  the  greater  than  predicted  momentum  change 
'  may  be  attributed  to  continuing  gasdynamic  expan- 


Figure  1:  Comparison  of  increased  projectile  momen¬ 
tum  with  electromagnetic  impulse  for  conventional 
and  augmented  railgun  experiments. 

sion  of  the  accelerator  gas  and  the  electrothermal  ac¬ 
celeration  produced  during  the  fusing  transient  and 
by  expansion  of  ablation  products  heated  by  the  ar¬ 
mature. 

At  the  higher  values  of  electromagnetic  impulse,  the 
measured  values  of  momentum  increase  are  less  than 
that  predicted  from  the  electromagnetic  impulse.  It 
is  important  to  note  that  this  deficit  in  measured  per¬ 
formance  occurs  in  the  absence  of  secondary  arcs, 
and  that  it  occurs  gradually  without  the  character¬ 
istic  sudden  onset  at  higher  velocities  as  observed 
by  Hawke  [2].  However,  primary  separation,  where 
a  space  develops  between  the  primary  plasma  arma¬ 
ture  and  the  base  of  the  projectile,  was  observed  near 
the  muzzle  in  nearly  all  of  our  experiments.  The  loss 
of  acceleration  due  to  this  effect  is  not  well  under¬ 
stood  [8],  and  was  not  included  in  our  performance 
model.  These  data  represent  a  wide  range  in  the  de¬ 
gree  of  augmentation,  but  the  data  tend  to  fall  along 
a  single  curve.  The  measured  increase  in  momentum 
appears  to  depend  only  on  the  electromagnetic  im¬ 
pulse,  regardless  of  the  degree  of  augmentation  used 
in  generating  the  electromagnetic  force. 
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Table  1.  Summary  of  UTSI  14  m  Railgun  Experiments 


Shot 

Peak  Rail 

Peak  Aug- 

Mass  of 

Muzzle 

A  Ve 

A-Ye 

Current 

mented  Rail 

projectile 

Velodty 

Measured 

^  \uctro  magnetic 

(kA) 

Current 

(kA) 

(km/s) 

(km/s) 

(%) 

Convendonal 


8/16 

67 

0 

.980 

1.669 

.630 

116 

10/24 

105 

0 

.979 

1258 

1.162 

101 

6/17 

106 

0 

.984 

2.476 

1365 

115 

11/20* 

109 

0 

1.06  > 

2.008 

588  . 

79 

9/19 

120 

0 

.992 

2379 

1.299 

84 

9/6 

134 

'o 

.994 

2.655 

1.602 

85 

7/30 

138 

0 

.996 

2.493 

1.469 

73 

Augmented 


9/25 

68 

30 

.980 

1.966 

.886 

99 

1/14 

67 

71 

.985 

2.333 

1.203 

87 

1/10 

64 

103 

.994 

236 

1305 

78 

1/16* 

65 

138 

1.008 

2.418 

1366 

66 

4/15 

65 

140 

1.008 

2.788 

1.692 

87 

1/17 

104 

'  49 

.992 

2.620 

1339 

76 

10/29 

105 

107 

.995 

3.085 

1.990 

72 

6/28 

104 

108 

.968 

3.046 

1.950 

63 

7/10 

102 

142 

969 

3.135 

2.055 

60 

•  Secondary  developed 


Comparison  with 
The  Performance  Model 

Direct  comparison  of  the  increase  of  projectile  mo¬ 
mentum  and  the  electromagnetic  impulse  does  not 
include  the  effects  of  electrothermal  acceleration  or 
the  various  fluid  mechanical  drag  mechanisms  which 
act  to  decrease  velocity,  A  railgun  performance  model 
was  constructed  which  included  these  effects  to  more 
carefully  evaluate  the  experimental  results.  This 
model  included  the  accelerating  effects  of  the  con¬ 
tinued  expansion  of  the  helium  accelerating  gas  and 
the  electrothermal  acceleration  due  to  the  vaporiza¬ 
tion  and  heating  of  the  aluminum  foil  fuse.  It  also 
included  the  drag  effects  due  to  compression,  acceler¬ 
ation  and  viscous  drag  of  the  residual  bore  gas  ahead 
of  the  projectile,  the  viscous  drag  of  the  plasma  ar¬ 
mature  and  ablation  drag.  The  details  of  this  model 
have  been  given  by  Taylor  et  al  [5]. 

Inclusion  of  the  accelerating  gasdynamic  and  elec¬ 
trothermal  effects  removed  the  greater  thau  100% 
momentum  efficiency  observed  at  the  lowest  values 
of  electromagnetic  momentum.  The  inclusion  of  the 
various  drag  effects  improved  the  prediction  at  higher 
values  of  electromagnetic  momentum,  but  there  was 
still  a  significant  deficit  in  performance,  as  shown  in 
Figure  2.  For  a  given  series  of  experiments  with  fixed 
armature  current  the  ablation  rate  remains  essentially 
constant  as  the  augmentation  is  increased. 


Figure  2:  Comparison  between  experimentally  ob¬ 
served  velocity  increase  and  performance  model  pre¬ 
dictions  for  augmented  railgun. 


Therefore,  the  electrothermal  acceleration  and  the 
ablation  drag  is  also  essentially  constant.  The  pre¬ 
dicted  increase  in  velocity  with  increasing  augmenta¬ 
tion  is  essentially  due  only  to  the  increased  electro¬ 
magnetic  force  provided  by  the  augmented  turn,  less 
the  increased  viscous  drag  due  to  the  higher  velocity. 
Therefore,  since  the  observed  increase  in  velocity  with 
increasing  augmentation  was  less  than  predicted,  we 
suspected  that  the  electromagnetic  force  model  was 
inafccurate.  To  further  investigate  the  force  model,  we 
employed  3-dimensional  simulations  using  MEGA. 

3-Dimensional  Electromagnetic 
Simulations 

The  widely  used  simple  railgun  electromagnetic  force 
model,  1/2VP ,  can  be  derived  in  several  ways.  The 
most  common  is  to  use  conservation  of  energy,  where 
it  is  assumed  that  there  are  no  losses  due  to  eddy  cur¬ 
rents  and  that  all  of  the  electromagnetic  force  appears 
in  the  moveable  armature.  Neither  of  these  assump¬ 
tions  are  correct  for  a  railgun  which  has  a  moving 
armature  and  a  structure  excited  by  a  transient  cur¬ 
rent  pulse.  Eddy  currents  are  generated  both  by  the 
transient  pulse  and  the  moving  armature,  and  these 
eddy  currents  reduce  the  energy  available  to  do  work 
on  the  armature.  Furthermore,  some  of  the  available 
energy  acts  to  produce  a  force  on  the  rails  and  is  not 
available  to  the  armature.  Both  these  effects  reduce 
the  electromagnetic  force  below  that  predicted  by  the 
simple  force  model  of  Equation  1 . 

These  effects  are  largely  three-dimensional  in  nature, 
and  to  acquire  some  insight  into  these  processes  we 
used  the  3-dimensional,  finite  element  code,  MEGA, 
to  perform  simulations  on  a  simple  railgun  model. 
This  simple  model  was  used,  rather  than  the  exact 
geometry  used  in  the  experiments,  since  modeling  the 
complex  rail  cross  section  required  more  computer 
memory  than  was  available  on  our  IBM  RISC  6000 
workstation. 

The  simulation  railgun  model  consisted  of  a  1  cm 
square  bore  railgun  with  a  0.5  cm  long  solid  armature. 
Both  rail  and  armature  were  assumed  to  be  copper, 
as  was  the  augmenting  turn.  In  order  to  separate  the 
effects  of  the  transient  current  pulse  and  the  armature 
motion,  simulations  were  performed  using  a  Helmholz 
step  function  with  an  amplitude  of  100  kA  for  the 
input  current.  Both  fixed  armature  and  constant  ve¬ 
locity  moving  armature  calculations  were  performed 
using  this  same  input  current.  Calculations  for  the 
augmented  railgun  used  the  same  current  input  for 
both  the  armature  and  for  the  augmenting  turn.  The 
inductance  gradients  and  are  inherently  two- 
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dimensional  parameters  in  which  it  is  assumed  that 
the  self  and  mutual  inductance  are  linear  functions  of 
railgun  length.  In  order  to  compare  the  results  of  the 
3-D  simulation  with  the  simple  force  model,  values  of 
jL^  and  were  calculated  as  a  function  of  time  for 
this  same  current  input  using  a  2-dimensional  MEGA 
calculation. 

For  the  simulation  parameters  chosen,  the  diffusion 
of  the  magnetic  field  into  the  copper  structure  is  es¬ 
sentially  complete  in  approximately  300  fiS,  During 
this  time  the  values  of  U  and  will  be  changing 
as  the  current  penetrates  deeper  into  the  structure. 
This  field  diffusion  results  in  eddy  current  formation 
which,  in  the  three-dimensional  case,  results  in  cur¬ 
rent  flow  ahead  of  the  armature.  Gr^hical  results  of 
our  3-dimensional  MEGA  simulations  will  be  shown 
in  the  plane  of  symmetry  between  the  insulators,  as 
shown  in  Figure  3. 
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Figure  4a:  Current  density  for  a  stationary  armature 
at  a  time  of  300  /Z5  using  a  2-D  MEGA  simulation. 


Figure  3:  Sketch  showing  the  section  through  the  rail- 
gun  used  for  presentation  of  graphical  results  from 
MEGA  simulations. 


There  are  significant  differences  between  the  2-  and 
3-dimensional  simulations  as  shown  in  Figure  4.  Cur¬ 
rent  density  distributions  are  shown  at  300  flS  after 
the  fields  have  diffused  into  the  structure  for  the  case 
of  the  stationary  armature  (4a  and  4b)  and  for  the 
moving  armature  at  a  velocity  of  2  km/s  (4c  and  4d). 
For  the  3-D  fixed  armature  case  (4b)  the  currents  are 
more  uniform  in  the  armature  and  there  are  currents 
extending  forward  of  the  armature  in  the  rails.  Much 
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Figure  4b:  Current  density  for  a  stationary  armature 
at  a  time  of  300  /iS  using  a  3-D  MEGA  simulation. 


Figure  4c:  Current  density  for  an  armature  velocity 
of  2  km/s  at  a  time  of  300  fis  using  a  2-D  MEGA 
simulation. 


larger  differences  are  observed  for  the  case  of  an  ar¬ 
mature  moving  at  a  velocity  of  2  km/s  as  shown  in 
4c  and  4d.  There  is  a  strong  eddy  current  flow  in  the 
rail  ahead  of  the  armature  in  the  3-D  simulation  (4d), 
where  none  appears  in  the  2-D  simulation  (4c).  The 
motion  of  the  rails  through  the  field  gradient  near 
the  armature  also  induces  eddy  currents  in  the  rails. 
The  velocity  induced  eddy  current  is  observed  in  the 
rail  just  at  the  armature  position  (4d).  This  effect 
is  much  more  pronounced  in  the  3-D  simulation  and 
extends  well  ahead  of  the  armature.  In  the  2-D  simu¬ 
lation  this  effect  is  concentrated  near  the  rear  sliding 
interface. 

The  forces  obtained  from  the  three-dimensional  con¬ 
ventional  railgun  simulation  are  shown  in  Figure  5. 
The  total  axial  force  is  obtained  by  integrating  the 
axial  component  of  J  X  B  over  the  whole  structure 
consisting  of  both  armature  and  rails.  Some  of  the  ax¬ 
ial  force  is  located  in  .the  rails  and  some  is  located  in 
the  armature.  The  true  armature  force  is  obtained  by 
the  integration  of  the  axial  component  of  J  X  B  only 
over  the  armature  volume.  These  forces  are  shown  as 
a  function  of  time,  together  with  the  force  predicted 
firom  the  simple  force  model,  in  Figure  6.  The  simple 
force  model  shows  increasing  total  force  with  time  as 
the  field  diffuses  into  the  structure,  and  the  armature 


Figure  4d:  Current  density  for  an  armature  velocity  Figure  5:  Rail  and  armature  forces  for  the  conven- 
of  2  km/s  at  a  time  of  300  /LlS  using  a  3-D  MEGA  tional  railgun  at  an  armature  velocity  of  2  km/s  and 
simulation.  ®  a  3-D  MEGA  simulation. 
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Figure  6:  Armature  and  total  railgun  axial  forces  for 
the  conventional  railgun  at  an  armature  velocity  of  2 
km/s  using  3-D  MEGA  simulations. 

forces  increase  in  a  similar  manner.  After  3(X)  flS  the 
2  km/s  armature  force  is  approximately  8%  smaller 
than  that  predicted  by  the  simple  force  model.  It 
is  interesting  to  note  that  the  force  predicted  by  the 
simple  model  at  a  frequency  of  10  kHz  (25  jJLS)  is 
almost  exactly  the  same  as  the  armature  force  after 
the  field  has  fully  diffused  (300  fiS), 

Current  density  distributions  are  shown  in  Figure  7 
for  the  transaugmented  railgun  at  a  time  of  300  fiS 
and  a  velocity  of  2  km/s.  The  augmenting  current 
has  completely  diffused  into  the  rail  and  is  essentially 
uniform.  Armature  current  is  concentrated  near  the 
rear  interface,  and  strong  eddy  currents  are  induced 
in  the  rail  near  and  ahead  of  the  armature  position. 
The  forces  for  this  case  are  shown  in  Figure  8.  The 
outer  rail  is  lightly  loaded,  but  the  inner  rail  experi¬ 
ences  very  large  separation  forces  behind  the  arma¬ 
ture,  and  there  are  significant  axial  components  of  the 
forces  in  the  inner  rail.  After  300  fiS  the  2  km/s  ar¬ 
mature  force  is  19%  smaller  than  that  predicted  from 
the  simple  force  model. 

Results  and  Conclusions 

Three-dimensional  simulations  using  MEX5A  show 
that  the  simple  force  model  given  by  Elquation  1  over¬ 
estimates  the  true  armature  force.  The  difference 


Figure  7:  Current  density  for  the  augmented  railgun 
at  an  armature  velocity  of  2  km/s  and  a  time  of  300 
/XS  using  a  3-D  MEGA  simulation. 


Figure  8:  Armature  and  total  railgun  axial  forces  for 
the  augmented  railgun  at  an  armature  velocity  of  2 
km/s  using  3-D  MEGA  simulations. 
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is  larger  for  the  transaugmented  railgun  because  a 
larger  fraction  of  the  available  force  is  exerted  in  the 
rail,  rather  than  the  armature.  The  reason  that  a 
larger  portion  of  the  force  appears  in  the  rail  is  that 
the  magnetic  field  due  to  the  augmenting  current  has 
had  time  to  diffuse  into  the  interior  of  the  rail  prior  to 
the  arrival  of  the  armature,  and  the  transverse  com¬ 
ponent  of  the  rail  current  interacts  with  this  larger 
magnetic  field.  For  the  case  of  the  augmented  railgun 
the  overestimation  of  the  armature  force  was  substan¬ 
tial,  19%  for  the  simulation  case  of  equal  currents  in 
the  armature  and  in  the  single  augmenting  turn. 

These  MEGA  simulations  were  carried  out  using  a 
different  geometry  than  the  experiments.  The  exper¬ 
iments  were  conducted  in  a  round  bore  railgun  with 
plasma  armatures.  The  experimental  railgun  had  a 
relatively  small  L'  value  of  0.274  /xJEf,  because  of 
the  use  of  rather  wide  rails.  The  simulation  railgun 
was  a  square  bore  configuration  with  a  solid  armature 
and  rails  only  the  width  of  the  bore.  The  simulation 
railgun  had  a  calculated  Lf^  of  0.518  consider¬ 
ably  larger  than  the  experiment.  Because  of  these 
differences,  direct  comparison  of  the  results  cannot 
be  made.  However,  in  the  two  experiments  using  ap¬ 
proximately  equal  100  kA  currents  in  the  armature 
and  augmentor,  the  observed  velocity  was  approxi¬ 
mately  76%  of  the  predictions  based  on  our  perfor¬ 
mance  model.  *The  corresponding  MEGA  calculation 
with  an  armature  velocity  of  2  km/s  shows  that  the 
armature  forces  Eire  approximately  90%  of  the  value 
predicted  based  on  the  10  kHz  values  of  L  and  M  . 
The  lower  velocity  observed  in  the  experiments  is  par¬ 
tially  accounted  for  by  the  losses  associated  with  pri¬ 
mary  separation,  which  was  not  included  in  the  per¬ 
formance  model. 

The  MEGA  simulations  also  show  that,  for  a  conven¬ 
tional  railgun,  the  inductance  gradient,  U  and  the 
armature  force  increase  with  time  as  the  fields  diffuse 
into  the  conducting  structure  of  the  railgun.  This 
means  that  the  use  of  a  single  value  for  U  tends  to 
overestimate  the  force  during  the  early  part  of  the  ac¬ 
celeration.  There  can  be  a  substantial  electrothermal 
acceleration  force  due  to  fusing  and  to  the  heating  and 
expansion  of  ablation  products,  particularly  at  early 
times.  This  electrothermal  force  is  often  neglected  in 
railgun  performance  models  and  can  partially  explain 
why  comparisons  of  measured  performance  with  pre¬ 
dictions  based  on  EJquation  1  are  in  generally  better 
agreement  at  low  velocity  and  then  diverge  at  higher 
velocity. 

Although  we  have  shown  that  the  simple  electromag¬ 
netic  force  model  overestimates  the  true  armature 


force,  this  is  not  the  sole  reason  that  experiments 
have  failed  to  achieve  their  expected  velocity.  Plasma 
armatures  exhibit  two  characteristics  which  severely 
limit  velocity:  primary  separation  and  secondary  for¬ 
mation.  Ablation  is  thought  to  play  an  important  role 
in  secondary  formation,  but  the  mechanisms  respon¬ 
sible  for  primary  separation  are  not  clear.  The  MHD 
flows  which  exist  in  the  plasma  armature  are  very 
complex  and  strongly  three-dimensional  [8].  These 
flows  have  been  simulated  using  2-dimensional  MHD 
codes,  but  secondary  formation  was  not  observed. 
Primary  separation  could  be  observed  in  the  simu¬ 
lations  when  material  was  injected  into  the  base  flow 
region.  It  is  clear  that  3-dimensional  MHD  simula¬ 
tions  are  needed  to  provide  further  insight  into  the 
mechanisms  which  control  primary  separation  and 
secondary  formation  in  plasma  armatures. 
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Abstract 


Railgun  performance  has  not  reached  the  expected  level  as  originally  indicated  by 
electromagnetic  theory.  That  is,  projectile  exit  velocities  do  not  approach  the  extremely 
high  velocities  that  ideal  analysis  indicated  Various  researchers  re-examined  railgun 
theory,  and  attempted  to  determine  ways  of  improving  railgun  performance. 

Research  at  the  University  of  Tennessee  Space  Institute  has  been  conducted  to 
explore  the  causes  of  that  decrease  in  performance.  Ablation  in  the  railgun  bore  has  been 
identified  as  a  factor  in  the  reduction  of  peak  expected  performance.  However,  some 
experimental  data  indicated  that  some  ablation  effects,  primarily  the  electrothermal 
interaction  of  the  expanding  ablated  material  and  the  driving  gas,  actually  increased 
perfoimance  under  certain  conditions. 

The  purpose  of  this  thesis  is  to  describe  the  effort  undertaken  to  identify  some  of 
the  effects  that  ablation  imposes  on  the  performance  of  railguns,  and  to  describe  the 
computer  model  created  to  simulate  these  effects.  This  computer  model  included  routines 
which  accounted  for  the  gas  dynamics  of  the  injector's  driving  gas  through  use  of  the 
(l)time-dependent  method  of  characteristics,  (2)  the  electromagnetic  forces  occurring 
within  the  electric  arc  armature,  (3)  the  rate  of  ablation  of  material  from  the  wall,  and  (4)  the 
electrothermal  interaction  between  each  of  these.  A  description  is  made  of  each  routine’s 
impact  on  the  simulation,  and  each  routine's  importance  to  the  calculation  procedure  is 
identified. 

This  effort  concluded  that  the  electrothermal  interaction  which  occurred  in  each  shot 
caused  the  driving  potential  of  the  injector  light  gas  to  increase,  thereby  increasing  the  force 
attributable  to  the  light  gas.  This  increase  in  force  caused  the  railgun  to  produce  velocities 
higher  than  were  expected. 
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Absiract-A  2.4  m  long,  1  cm  diameter  round  bore  railgun 
was  constructed  at  UTS  I  to  perform  careful  experiments  which 
compared  the  performance  of  conventional  and  trans-augmented 
plcisma  armature  railguns.  The  gim  was  constructed  with  cop¬ 
per  rails  and  G-9  insulators  and  had  a  single  augmenting  turn. 
Two  separate  240  kJ  capacitor  banks  and  inductors  were  used 
to  provide  current  independently  to  the  armature  and  to  the 
augmenting  turn.  The  barrel  was  fitted  with  an  array  of  B- 
dot  probes  spaced  10  cm  apart  to  provide  good  resolution  of 
the  plasma  armature  characteristics.  A  MAVIS  electromagnetic 
transducer  was  used  to  provide  accurate  measurements  of  the 
muzzle  velocity.  The  gun  bore  was  lapped  full  length  from  the 
light  gas  injector  to  the  muzzle  between  each  shot  to  provide  a 
uniform,  high  quality  bore  surface  for  each  experiment.  Con¬ 
ventional  railgun  experiments  were  performed  over  a  range  of 
currents  to  characterize  the  bcise  perfoimance  of  the  railgim  and 
to  provide  data  for  the  development  of  ablation  drag  and  ther¬ 
mal  propulsive  models.  Experiments  were  then  performed  for  a 
range  of  (separately  powered)  augmentation  currents  but  with 
railgun  currents  equal  to  those  used  in  the  conventional  exper¬ 
iments.  The  enhcinced  performance  provided  by  augmentation 
was  found  to  be  significcintly  less  than  predicted  by  theory,  even 
though  the  railgun  operated  without  the  formation  of  secondary 
2Lrmatures  or  restrikes. 


I.  INTRODUCTION 

In  the  years  since  J.  V.  Parker’s  paper  “Why 
Plasma  Armature  Railguns  Don’t  Work,  and  What 
Can  Be  Done  About  It”  [1]  much  of  the  active  re¬ 
search  on  plasma  armature  railguns  has  been  directed 
toward  the  control  of  bore  ablation.  Parker  suggested 
several  possible  methods  to  control  ablation,  one  being 
the  use  of  augmentation.  Augmentation  increases  the 
magnetic  flux  in  the  bore  of  a  railgun,  thus  increas¬ 
ing  the  accelerating  force  on  the  armature,  without 
increasing  the  operating  current.  Operation  at  lower 
current  in  the  plasma  armature  reduces  the  power  dis¬ 
sipated  in  the  bore,  thus  reducing  ablation.  ‘ 

To  examine  the  effects  of  augmentation  we  con¬ 
structed  a  2.4  meter  trans-augmented  railgun  with  two 
240  kJ  capacitor  banks,  one  for  the  conventional  rail¬ 
gun  rails  (inner  rails)  and  one  for  the  augmented  set 
of  rails  (outer  rails).  Conventional  (no  augmentation 
current)  railgun  experiments  were  performed  to  estab¬ 
lish  baseline  performance  and  to  determine  parameter 
values  for  a  performance  model.  The  augmenter  was 
then  powered  over  a  range  of  currents  while  keeping 
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the  armature  current  pulse  nearly  the  same  as  in  the 
baseline  experiments.  The  purpose  of  these  experi¬ 
ments  was  to  gain  an  improved  understanding  of  the 
effects  of  increasing  the  magnetic  fl^ux  ^d,  therefore, 
the  force  on  the  armature  while  still  operating  with 
essentially  the  same  armature  power. 

II.  EXPERIMENTAL  RESULTS 
A.  The  UTSI  Augmented  Railgun 

The  UTSI  trans-augmented  railgun  was  designed 
to  function  as  either  a  conventional  or  augmented  rail¬ 
gun  with  a  2.4  m  long  barrel  and  a  1.0  cm  bore  di¬ 
ameter.  A  1.1  meter  single  stage  helium  gas  injector 
provided  pre- acceleration  of  projectiles  into  the  railgun 
with  a  velocity  of  approximately  1  km/s.  The  design 
featured  copper  rails  and  G-9  insulators  supported  by 
a  G-10  substructure  as  shown  in  Fig.  1.  The  configu¬ 
ration  of  the  G-10  backing  and  aluminum  anvils  were 
the  same  as  used  in  Ref.  2.  Two  separate  240  kJ  ca¬ 
pacitor  banks  and  two  separate  four  sectored,  toroidal 
inductors  were  used  to  provide  separate  currents  to  the 
inner  rails  and  the  augmenting  rails.  Lexan  projectiles 
of  approximately  1  gm  mass  with  flexible  lip  seals  and 
an  sJuminum  foil  fuse  were  used  for  all  shots* 


1-cn  Round  Bore 
Design  Detail 


LOOO' 


Fig.  1.  Cross  section  for  the  UTSI  2.4  m 
trans-augmented  railgun. 
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B,  Insirumeniaiion  and  Experimental  Procedure 

Twenty-three  B;dot  probes  located  100  mm  apart 
measured  changing  rail  current  and  were  used  to  ob¬ 
tain  accurate  armature  positions  [2],  Two  pressure 
transducers  were  located  95  and  55  mm  before  the 
breech  end  of  the  rails.  These  were  used  to  initiate  the 
timing  for  the  data  acquisition  system  and  power  sup¬ 
plies,  to  measure  the  entrance  velocity  of  the  projectile 
into  the  rails  and  to  measure  the  initial  pressure  of  the 
gas  in  the  bore,  A  MAVIS  electromagnetk  transducer, 
placed  in  the  enclosed  flight  range,  was  used  to  provide 
accurate  muzzle  velocity  measurements  [3]. 

Consistent  bore  quality  for  both  conventional  and 
augmented  shots  was  maintained  by  lapping  the  rail- 
gun  from  the  breech  of  the  light  gas  gun. to  the  muzzle, 
before  each  shot  using  a  rotating,  expandable  iron  lap. 
After  lapping,  acetone  was  circulated  through  the  bore 
to  remove  all  traces  of  lapping  compound  and  hydro¬ 
carbons.  The  bore  was  dried  under  vacuum  and  then 
back-filled  with  one-half  atmosphere  of  helium  prior  to 
each  shot.  A  bore  scope  was  used  before  each  shot  to 
check  for  foreign  materials  or  incomplete  lapping,  and 
was  used  after  each  shot  to  determine  the  degree  of 
bore  damage. 

Values  for  L',  the  self  inductance  per  unit  length, 
and  Mi2i  mutual  inductance  per  unit  length,  were 
needed  for  performance  evaluations.  These  values  were 
measured  at  approximately  200  kHz  (high  frequency 
limit)  directly  on  the  UTSI  railgun.  The  value  of  0.289 
fiH/m  was  obtained  for  V  and  a  value  of  0.218  \iHjm 
was  obtained  ioi  M {2* 

C.  Experimental  Results 

Table  1  gives  a  summary  of  the  experiments  per-, 
formed  on  the  UTSI  trans-augmented  railgun.  The 
table  is  grouped  into  three  sections,  a  nominal  100  kA 
inner  rail  current  series  and  a  nominal  70  kA  inner  rail 
current  series  in  order  of  increasing  augmentation,  and 
three  additional  unaugmented  shots  listed  separately. 
The  measured  increase  in  velocity  from  the  pressure 
transducers  to  the  muzzle  exit  is  tabulated  together 
with  a  calculated  momentum  efficiency.  The  momen¬ 
tum  efficiency  is  defined  as  the  measured  increase  in 
projectile  momentum  divided  by  the  total  electromag¬ 
netic  impulse, 

_ rritiVM  -  Vo)  /j, 

where  trip  is  the  projectile  mass,  Vm  is  the  measured 
muzzle  velocity,  Vq  is  the  measured  injection  veloc¬ 
ity,  U  is  the  high-frequency  self  inductance  gradient 
of  the  inner  rails,  M12  the  high-frequency  mutual 
inductance  gradient,  h  is  the  inner  rail  current,  h  is 
the  outer  rail  current  and  the  limits  of  integration  are 
from  the  time  the  power  supplies  are  triggered  until 
the  time  of  muzzle  exit. 


TABLE  I 

SUMMARY  OF  UTSI  2.4  m  RAILGUN  EXPERIMENTS 


Shot 

feak  lUU 
Curreot 
(MA) 

Q  tune  (lu) 

Peak  Aug¬ 
mented  Rail 
Current 
(MA) 

9  time  (ms) 

mass  of 
projectile 
(gin) 

Muule 

Velocity 

(km/i) 

Measured 

(km/i) 

L  V, 

A  V,-,--- 

(3h) 

9>9 

.120^.359 

0 

.992 

1379 

1199 

744 

90« 

.134(9^61 

0 

.994 

2.653 

1.602 

81. S 

730 

.13t(»  J6I 

0 

.996 

2.493 

1.469 

674 

617 

.106(9.333 

0 

.964 

2.476 

1.365 

112 

1024 

.103  9  .366 

0 

.979 

2.258 

1.162 

93.5 

117 

.104  9  .361 

.049  9  -361 

.992 

2.620  1 

1.339 

71.4 

1029 

.103  9-366 

.107  9-311 

.993 

3.063  ! 

1.990 

75.1 

62t 

.104(9.353 

.106  9.269 

.966 

3.046 

1.950 

68.8 

710 

.102  9.333 

.142  9.270 

.969 

3.133 

2.053 

62.9 

116 

.067  9  .370 

0 

.960 

1.669 

.630 

110 

923 

.066  9.366 

.030  9  .333 

.960 

1.966 

.816 

98.7 

114 

.067  9J74 

.071  9  .389 

.983 

2433 

1103 

93.0 

no 

.064  9.3a 

.103  9-366 

.994 

2.360 

1.305 

16.4 

116 

.063  9 .363 

.136  9-396 

'  1.006 

1411 

1.366 

72.1 

Fig.  2  shows  the  measured  projectile  momentum 
increase  plotted  as  a  function  of  the  total  electromag¬ 
netic  impulse  for  two  series  of  augmented  experiments, 
one  with  a  nominal  70  kA  inner  rail  current  and  one 
with  a  nominal  100  kA  inner  rail  current.  In  both 
series  the  performance  decreases  with  increasing  im¬ 
pulse. 

An  attempt  was  made  to  isolate  the  effectiveness 
of  just  the  augmenting  field.  The  projectile  momen¬ 
tum  increase  (due  only  to  the  augmenting  field)  was 
determined  by 

Apa  =  rna{Vma  ““  Voa)  “  ^^(Vmc  -  Voc)  (2) 


Fig.  2.  Experimental  momentum  increase  versus  electromagnetic 
impialse  for  augmented  shots. 
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where  subscript  a  refers  to  the  augmented  shot  and  ' 
subscript  c  refers  to  the  conventional  shot  with  similar 
inner  rail  current.  The  increase  in  electromagnetic  im¬ 
pulse  (due  only  to  the  augmentation)  was  determined 

by, 

1  Aima  r-tma  i  rime 

il'  /  lldt  +  M[^  /  ■  hahadt--L'  /  Ildt . 

“  °  .  °  (3) 

The  measured  increase  in  projectile  momentum  due  to 
augmentation  is  plotted  as  a  function  of  the  increase  in 
electromagnetic  impulse  due  to  augmentation  in  Fig.  3. 
Here  too,  the  performance  decreases  with  increasing 
electromagnetic  impulse. 

.  The  increase  in  projectile  momentum  is  plotted  as 
a  function  of  total  electromagnetic  impulse  for  all  the 
shots  in  Table  1,  both  augmented  and  conventional,  in 
Fig.  4.  ^ 

Certain  general  observations  can  be  made  con¬ 
cerning  armature  configuration  and  the  effectiveness 
of  augmentation  on  the  basis  of  this  series  of  experi¬ 
ments: 

1.  No  secondary  arcs  or  restrike  was  observed  for  any 
of  the  experiments  reported  in  Table  1.  We  be¬ 
lieve  this  was  a  result  of  the  extreme  care  taken 
to  prepare  the  barrel  prior  to  each  shot.  In  gen¬ 
eral,  the  observed  armature  length  was  somewhat 
shorter  for  the  augmented  shots,  and  the  filamen¬ 
tary  erosion  tracks  on  the  copper  rails  were  less 
pronounced. 

2.  It  can  be  seen  from  Table  1  or  Fig.  2  that,  for 
both  the  100  kA  series  and  the  70  kA  series,  the 
efficiency  decreased  as  the  level  of  augmentation 
increased.  The  efficiencies  that  were  greater  than 


Fig.  3.  Momentum  increase  due  only  to  the 
augmenting  rails. 


Fig.  4.  Experimental  momentum  increase 
versus  electromagnetic  impulse. 

100%  are  due  to  the  fact  that  not  all  of  the  pro¬ 
jectile  acceleration  is  a  result  of  electromagnetic 
forces.  Some  of  the  acceleration  comes  from  con¬ 
tinued  expansion  of  the  injector  gas  and  elec¬ 
trothermal  propulsion  due  to  vaporization  of  the 
aluminum  fuse  and  electrothermal  heating  of  the 
bore  gases  throughout  the  drive. 

3.  Similar  current  profiles  were  used  on  the  inner 
rails  for  both  augmented  and  conventional  shots, 
so  the  armature  power  dissipated  in  the  bore  and 
the  quantity  of  material  ablated  from  the  bore  is 
also  similar.  Ablation  and  viscous  drag  increase 
with  velocity  and  could  be  somewhat  larger  for  the 
augmented  experiments,  but  the  analysis  in  Sec¬ 
tion  III  shows  that  these  effects  are  small  for  our 
experimental  conditions.  Therefore,  it  is  reason¬ 
able  to  assume  that  most  of  the  additional  impulse 
supplied  by  the  augmenting  turn  would  result  in 
increased  projectile  momentum.*  Fig.  3  clearly 
shows  that  this  assumption  is  incorrect,  and  that 
less  than  50%  of  this  increased  electromagnetic 
impulse  is  realized  in  increased  projectile  momen¬ 
tum  at  the  higher  augmenting  currents. 

4.  Fig.  4  shows  that  the  increase  in  momentum  corre¬ 
lates  very  well  with  total  electromagnetic  impulse, 
regardless  of  how  the  electromagnetic  impulse  is 
supplied.  For  example,  in  the  region  near  2  N-s 
impulse,  unaugmented  shots  and  shots  with  both 
70  kA  and  100  kA  inner  rail  currents  all  produce 
approximately  the  same  increase  in  projectile  mo¬ 
mentum. 

In  the  next  section  we  will  develop  a  performance 
model  which  includes  the  effects  of  ablation  and  arma¬ 
ture  related  fluid  drag,  the  drag  due  to  the  acceleration 
of  the  initial  bore  gas,  and  the  acceleration  produced 
by  continued  injector  gas  expansion  and  electrother- 


mal  acceleration  due  to  the  fusing  transient.  This 
model  will  be  used  to  further  analyze  the  results  of 
these  experiments. 

in.  THEORETICAL  INTERPRETATION 

No  secondary  arcs  were  observed  during  this  se¬ 
ries  of  experiments  and,  therefore,  a  relatively  simple 
performance  model  for  the  augmented  railgun  czui  be 
constructed.  The  experimental  data  from  the  conven¬ 
tional  shots  can  be  used  to  evaluate  the  model  pa¬ 
rameters  which  determine  ablation  and  viscous  drag 
and  the  acceleration  caused  by  electrothermal  and  gas 
expansion  effects.  The  model  can  then  be  used  to  pre¬ 
dict  the  performance  of  the  augmented  shots  using  the 
parameters  determined  from  the  conventional  shots. 

A.  Forces  on  ihe  Projeciile  and  Armaiure 

A  summary  of  the  forces  acting  on  the  projec¬ 
tile  and  armature  can  be  seen  in  Fig.  5.  The  primary 
driving  force  is  the  electromagnetic  force  where  J  is 
the  current  density  in  the  armature  and  B  is  the  mag¬ 
netic  field  in  the  bore.  Acceleration  forces  produced 
by  electrothermal  heating  may  be  generated  through¬ 
out  the  drive  of  the  armature,  but  it  is  predominant 
during  the  time  in  which  the  fuse  vaporizes  to  form 
the  plasma  armature.  The  armature  experiences  vis¬ 
cous  and  armature  ablation  drag  which  are  described 
in  papers  by  Parker  [1,4].  There  are  also  retarding 
forces  due  to  acceleration  of  the  initial  bore  gas  ahead 
of  the  projectile  [5],  and  projectile  friction. 

B,  Eleciromagneiic  Forces 

The  correct  value  of  the  electromagnetic  force  act¬ 
ing  on  the  armature  is  obtained  by  integration  of  the 
axial  component  of  the  integral  of  the  J  X  B  force 


m. 

rnmusuxoa 

pSB  . 

SHOCK 

Dc 

fer— *"  \  T  P—- 

VS) 

Dp 

1 

D3 

'TxxanBoni 

-  Electromagnetic  Force  j 

JxB  -  k  dV 

Fj,  -  Pressure  of  Trailing  Bore  Gases  -  Electrothermal  Heating 
Dy  •  Annoture  Viscous  Drag 
Da  •  Armature  Ablation  Drag 
F  -  Net  Armature  Force  =  FET+pEm-Dv*DA*mA^ 

Dp  -  Projectite  Friction 

Dc  -  Force  Due  to  Bore  Gas  Compression 

D,  -  Viscous  Drag  of  Bore  Gas 

Acceterdion  =  (F  -  Dp  ■  Dc  *0$ ) 


Fig.  5.  Railgun  projectile  forces. 


over  the  total  current  distribution  within  the  bore. 
However,  the  3-dimensional  distribution  of  both  cur¬ 
rent  density  and  the  magnetic  induction  is  unknown. 
For  this  reason,  energy  arguments  or  idealized  2- 
dimensional  or  filament  models  are  commonly  used  to 
determine  the  total  armature  force.  These  models  all 
result  in  a  total  axial  armature  force  given  by, 

F=  lL7?-bA/iVi/2  •  (4) 

Since  the  value  of  I'  and  can  vary  by  as  much 
as  20%  with  frequency  (because  of  the  depth  of  field 
diffusion  into  rails)  an  appropriate  value  of  V  must  be 
chosen.  Consistent  with  accepted  practice,  the  high 
frequency  limit  of  and  M12  was  used  in  the  devel¬ 
opment  of  our  performance  model. 

There  is  also  a  question  as  to  whether  eddy  cur¬ 
rent  generation  due  to  the  moving  armature  and  diffus¬ 
ing  fields  could  play  a  significant  role  in  the  reduction 
of  the  electromagnetic  force.  In  the  J  X  B  relationship 
the  influence  of  eddy  currents  would  show  up  as  a  re¬ 
duction,  or  redistribution  of  J3,  but  in  the  ideal  force 
given  by  (5)  they  are  neglected.  Three-dimensional 
effects  could  also  be  a  source  of  error  since  the  ideal 
relationship  assumes  that  all  of  the  J  X  B  force  is  in 
the  axial  direction  [6,7]. 

C.  Fluid  Mechanical  Effects 

Rolader  and  Batteh  [5j  have  analyzed  the  effects 
of  bore  gas  compression  m  front  of  the  projectile. 
There  are  three  drag  forces  associated  with  this  com¬ 
pression.  The  first  arises  because  the  velocity  of  the 
shock  wave  is  greater  then  that  of  the  projectile,  which 
causes  the  mass  of  the  compressed  gas  to  increase.  The 
second  is  due  to  the  acceleration  of  this  gas,  and  the 
third  is  due  to  the  viscous  drag  of  the  gas.  The  arma¬ 
ture  also  experiences' viscous  and  ablation  drag.  The 
ablation  drag  is  due  to  stationary  bore  material  be¬ 
ing  ablated  and  then  accelerated  up  to  the  armature 
velocity.  The  amount  of  material  ablated  is  assumed 
to  be  proportiona.1  to  the  electrical  power  dissipated 
in  the  bore.  A  value  for  the  viscous  drag  coefficient, 
Cd  =  0.003,  was  taken  from  Parker’s  free  axe  experi¬ 
ments,  and  the  ablation  constant  was  obtained  by  fit¬ 
ting  to  our  data  for  a  conventional  railgun  experiment 
[1,5].  • 

The  helium  expansion  from  the  light  gas  gun 
continues  to  accelerate  the  projectile  throughout  the 
drive,  as  does  the  electrothermal  heating  of  gases  in 
the  bore.  Light  gas  gun  experiments  were  performed 
to  determine  a  decay  constant  for  the  helium  expan¬ 
sion  in  the  gun.  This  same  decay  constant,  /?,  was  used 
with  an  empirical  formula  to  model  the  pressure  due 
to  electrothermal  expansion  of  gas  in  the  bore, 

P=\po  +  W]e-‘^*  (5) 

where  p  is  the  total  pressure  of  gas  on  the  projectile, 
po  is  the  initial  pressure  of  helium,  and  7  and  rj  are 
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Ahsiraci-The  results  of  a  four  year  theoretical  and  experi¬ 
mental  research  program  in  railgun  armature  physics  at  UTSI 
will  be  reviewed  with  an  emphasis  on  understanding  how  the 
MHD  fiowfield  and  electromagnetic  interactions  limit  the  veloc¬ 
ity  in  plasma  and  hybrid  armature  railguns.  Our  understand¬ 
ing  of  the  three-dimensional  plasma  armature  fiowfield  has  been 
developed  through  a  combination  of  highly  instrumented  rail¬ 
gun  experiments,  secondary  arc  performance  models  and  two- 
dimensional  MHD  calculations.  These  two-dimensional  calcula¬ 
tions  are  only  qualitative  in  nature,  but  they  provide  insight  into 
the  complex  armature  flow  and  indicate  that  the  formation  of 
secondary  armatures,  ablation  drag  and  primary  armature  sep¬ 
aration  are  interrelated.  Experimental  evidence  suggests  that 
three-dimensional  MHD  flow  effects  are  very  important  in  con¬ 
trolling  these  phenomena.  A  complete  understanding  of  these 
complex  armature  effects  will  require  the  development  of  de¬ 
tailed  three-dimensional  MKD  codes  validated  by  highly  instru¬ 
mented  and  diagnosed  railgun  experiments. 

1.  INTRODUCTION 

Why  are  railguns  limited  to  velocities  of  about  6 
km/s?  The  elusive  promise  for  hypervelocity  railguns 
has  been  unfulfilled  for  more  than  a  decade.  Numerous 
railguns  have  been  constructed  whose  predicted  veloc¬ 
ity  was  greater  than  6  km/s.  Few  have  actually  ex¬ 
ceeded  6  km/s,  and  none  have  reached  their  predicted 
performance.  It  is  essential  to  understand  what  it  is 
that  limits  performance  if  velocities  above  6  km/s  are 
ever  to  be  reliably  obtained.  Currently  accepted  the¬ 
ories  attribute  this  failure  to  ablation  drag,  secondary 
arcs  and  primary  armature  separation.  Optical  and  B- 
dot  diagnostic  measurements  have  led  to  new  physical 
and  computational  models  which  provide  considerable 
insight  into  the  magnetohydrodynamic  velocity  limit¬ 
ing  mechanisms.  This  paper  will  address  “all”  the  ve¬ 
locity  limiting  mechanisms,  not  just  secondary  arma¬ 
tures  and  ablation  drag.  Although  secondary  arma¬ 
tures  reduce  electromagnetic  drive,  experiments  have 
shown  that  elimination  of  secondaries  does  not  assure 
theoretical  performance.  The  real  velocity  limiting 
mechanism  is  primary  armature  separation  from  the 
projectile.  Careful  examination  of  B-dot  records  and 
projectile  muzzle  velocity  from  numerous  railgun  ex- 
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periments  shows  that  in  many  cases  the  primary  ar¬ 
mature  stops  driving  and  separates  from  the  projectile 
late  in  the  launch.  This  means  that  the  net  drag  forces 
on  the  armature  are  greater  than  the  electromagnetic 
thrust  forces.  New  experiments  and  theoretical  anal¬ 
yses  are  needed  to  identify,  separate  and  quantify  the 
MHD  and  EM  loss  mechanisms  and  to  identify  new 
strategies  which  will  achieve  higher  velocities. 

n.  PHYSICAL  MODEL  OF  THE 
RAILGUN  PLASMA  ARMATURE 

Ail  hypervelocity  railguns  are  driven  by  plasma 
armatures  or  hybrid /plasma  armatures.  Often,  it  has 
been  tacitly  assumed  that  a  plasma  armature  was  just 
like  a  solid  armature,  but  with  negligible  mass  and 
higher  resistance.  Acceleration  of  a  projectile  by  a 
plasma  differs  in  almost  every  respect  from  a  solid  ar¬ 
mature.  In  a  plasma  armature  all  the  electromagnetic 
force  is  transmitted  to  the  projectile  by  fluid  pressure. 
This  pressure  is  generated  and  sustained  by  the  elec¬ 
tromagnetic  forces  in  a  dynamic,  flowing  plasma  which 
is  dominated  by  thermal  radiation,  viscous  and  magne- 
tohydrodynamic  (MHD)  forces.  Diagnostic  measure¬ 
ments  and  computer  simulations  have  provided  some 
understanding  of  these  complex  armature  flows. 

Quartz  optical  fibers  were  used  to  obtain  direct 
optical  measurements  of  the  plasma  emission  from 
within  the  bore  of  a  railgun.  These  measurements 
in  combination  with  in-bore  pressure  measurement, 
rail  current  B-dot  probes  and  armature  current  B-dot 
probes  have  led  to  the  development  of  improved  phys¬ 
ical  understanding  of  the  plasma  armature  [1].  When 
the  emission  from  the  plasma  was  observed  simultane¬ 
ously  through  both  the  rail  and  the  insulator  surfaces, 
the  emission  at  the  rail  surface  follows  the  current,  but 
the  emission  at  the  insulator  surface  decreases  soon  af¬ 
ter  the  current  begins  to  rise.  The  decrease  in  emission 
is  caused  by  absorption  of  radiation  in  the  vapor  which 
is  ablated  from  the  insulator  surface  by  the  intense  ra¬ 
diation  from  the  plasma  interior.  However  there  is 
a  striking  similarity  in  the  spectral  features,  which 
suggests  that  strong  three-dimensional  mixing  occurs 
within  the  plasma  armature  which  quickly  transports 
rail  material  to  the  insulator  surfaces.  These  diagnos¬ 
tic  measurements  led  to  a  new  physical  model  for  the 
plasma  armature  which  modifies  and  extends  the  abla¬ 
tion  model  proposed  earlier  by  Parker  [2]  and  the  fluid 
mechanics  model  proposed  by  Keefer  and  Tipton  [3]. 


The  projectile  is  accelerated  by  fluid  pressure  in 
the  plasma  which  is  sustained  within  the  plasma  and 
near  the  rail  surface  by  the  Lorentz  (J  x  B)  body  force. 
Near  the  insulator  surface  vapor  shielding  from  abla¬ 
tion  reduces  the  plasma  temperature  and,  therefore, 
the  electrical  conductivity  of  the  plasma.  Thus,  the 
current  density  is  reduced  near  the  insulator  and  the 
J  X  B  force  can  no  longer  balance  the  high  pressure 
at  the  base  of  the  projectile.  This  results  in  a  leak¬ 
age  of  material  from  the  armature  along  the  insulator 
surfaces  which  fills  the  bore  behind  the  armature  and 
increases  the  bore  pressure  behind  the  armature.  This 
lost  armature  material  must  be  replaced  to  prevent 
depletion  of  the  armature  mass.  Most  of  the  replace¬ 
ment  material  must  be  obtained  from  the  rail  surface 
where  the  J  x  B  force  is  strong  enough  to  accelerate 
ablated  material  into  the  armature.  This  process  is  ac¬ 
companied  by  ablation  drag  which  establishes  a  strong 
recirculation  cell  in  the  plasma  armature. 

Experimental  results  from  a  hybrid  armature  in¬ 
vestigation  at  UTSI  provided  graphic  evidence  of  the 
three-dimensional  armature  flow  [4].  The  ablated  flow 
patterns  on  the  recovered  hybrid  armatures  clearly 
show  the  flow  of  plasma  from  the  rail  surface  around 
the  hybrid  to  the  insulator  surface  which  results  in  a 
stagnation  streamline  along  the  insulator  facing  sur¬ 
face  of  the  armature.  The  expansion  of  the  noncon¬ 
ducting  material  escaping  along  the  insulator  surface 
leads  to  a  current  distribution  on  the  rail  which  has  an 
airfoil  shape.  An  attempt  to  represent  this  complex 
three-dimensional  armature  flow  is  shown  in  Fig.  1. 
This  complex  3-D  MHD  flow  in  the  armature  must  be 
considered  if  the  velocity  limiting  mechanisms  are  to 
be  understood  and  controlled. 


Experimental  attempts  to  control  ablation  and 
momentum  drag  with  ceramic  insulators  have  resulted 
in  poor  performance  due  to  the  development  of  long  ar¬ 
matures.  These  results  are  consistent  with  increased 
armature  leakage  along  the  cold  insulator  boundary 
because  there  are  no  ablated  products  to  slow  the  leak¬ 
age  flow.  An  increased  loss  of  armature  mass  must  be 
replaced  by  rail  ablated  products  resulting  in  higher 
momentum  drag.  Thus  the  3-D  fluid  mechanics  of  the 
plasma  armature  defeats  the  low  ablation  railgun,  be¬ 
cause  the  rail  will  always  be  required  to  provide  the 
armature  mass  lost. 

m.  FLUID  DYNAMIC  FORCES,  THRUST  AND  DRAG 

Two  primary  sets  of  forces  (fluid  dynamic  and 
electromagnetic)  are  acting  in  the  railgun  and  deter¬ 
mine  the  limiting  velocity.  In  this  section  the  fluid 
dynamic  and  thermodynamic  forces  will  be  evaluated 
for  their  relative  influence  on  limiting  velocity.  Vis¬ 
cous  drag,  momentum  drag, and  gasdynamic  pressure 
all  significantly  influence  projectile  acceleration.^ 

Viscous  drag  losses  occur  as  armature  viscous 
drag,  cold  buffer  gas  viscous  drag,  projectile  friction 
and  viscous  drag  on  the  bore  gas  ahead  of  the  projec¬ 
tile.  The  armature  drag  depends  on  length,  density, 
velocity  and  viscosity  of  the  armature.  Most  current 
models  estimate  viscous  armature  drag  from  simple 
hypersonic  boundary  layer  models  where 

^(viscous  drag)  =  CjpV^'^rl  . 

The  drag  coefficient  Cj  is  determined  from  turbulent 
compressible  boundary  theory  and  has  values  of  0.001 


-Cross  Flow 


Cold  Buffer 


Rail 

Abalution 


Following 
Bore  Gas 


to  0.003.  This  analysis  for  armature  drag  is  very  ap¬ 
proximate  and  neglects  several  effects  including  the 
three-dimensional  flowfield.  The  composition  of  the 
armature  is  not  well  defined  and  thus  the  viscosity  of 
the  armature  material  near  the  wall  is  an  unknown. 
The  MHD  boundary  layer  on  the  rail  contains  a  thin 
layer  where  the  current  is  conducted  by  small  moving 
arc  filaments.  Viscous  drag  has  not  been  well  charac¬ 
terized  for  the  MHD  boundary  layer.  Since  the  plasma 
density  is  low  due  to  the  high  plasma  temperature,  this 
drag  term  has  been  assumed  to  be  small.  However  the 
viscous  armature  losses  should  not  be  neglected  since 
they  increase  with  velocity  squared  and  the  value  of 
Cj  has  not  been  experimentally  validated. 

Diagnostic  measurements  and  observation  of  re¬ 
covered  projectiles  indicate  that  a  nonconducting 
“buffer”  gas  layer  forms  between  the  current  carrying 
arc  and  the  projectile.  This  buffer  gas  drag  has  been 
neglected  in  most  performance  models  because  the  size 
of  this  nonconducting  region  behind  the  projectile  is 
difficult  to  measure.  But  since  the  density  is  much 
higher  in  this  high  pressure  region,  the  viscous  drag  in 
the  cold  buffer  gas  could  easily  be  as  large  as  the  arma¬ 
ture  drag.  When  primary  armature  separation  occurs 
the  buffer  region  drag  will  significantly  increase,  which 
may  help  explain  the  rapid  loss  in  acceleration  at  pri¬ 
mary  armature  separation.  Accurate  measurement  of 
projectile  position  by  optical  techniques  and  simulta¬ 
neous  measurement  of  armature  position  by  optical 
current  probes  are  required  for  resolution  of  the  cold 
buffer  region  size. 

Projectile  viscous  drag  has  been  considered  in¬ 
significant  in  most  railgun  models  based  on  extensive 
experience  from  two-stage  light  gas  gun  data.  Except 
for  the  case  where  solid  metal  armatures  are  consid¬ 
ered,  the  projectile  is  supported  in  a  plastic  bore  rider. 
At  velocities  above  1  km/s  the  frictional  energy  re¬ 
lease  is  sufficient  to  vaporize  the  plastic  which  provides 
a  complex  Couette  boundary  layer  flow.  Two-stage 
light  gas  gun  experiments  show  velocity  loss  of  2%  or 
less.  Although  projectile  drag  may  be  small  it  is  not 
insignificant,  and  the  projectile  and  bore  material  va¬ 
porized  by  the  friction  is  released  into  the  base  region 
of  the  projectile.  This  accumulation  increases  the  mass 
in  the  buffer  gas  layer  and  may  influence  the  primary 
armature  separation.  Thus  the  projectile  friction  may 
indirectly  play  a  significant  role  in  limiting  velocity. 

The  bore  gas  ahead  of  the  projectile  contributes 
to  the  drag  (pressure)  forces  on  the  projectile.  The 
combined  viscous  and  momentum  drag  of  the  in-bore 
gas  on  a  high  velocity  shot  at  atmospheric  pressure 
has  been  analyzed  by  Rolader  and  Batteh  [5],  and  the 
losses  are  significant  when  velocity  exceeds  sonic  ve¬ 
locity  in  the  bore  gas.  Thus  it  is  essential  to  consider 
all  of  these  “small”  viscous  loss  mechanisms  as  their 
combined  effects  are  largest  at  the  limiting  velocity. 

Momentum  drag  (ablation  drag)  has  been  identi¬ 
fied  and  generally  accepted  as  the  primary  loss  mech¬ 
anism  in  plasma  armatures  by  many  railgun  perfor¬ 


mance  modelers  [2].  A  large  amount  of  material  may 
be  removed  from  the  bore  by  radiation,  convection 
and  arc  root  erosion.  This  mass,  if  incorporated  into 
the  armature,  would  produce  large  momentum  drag 
resulting  in  a  significant  performance  loss.  The  rail 
surface  is  damaged  by  arc  root  current  transfer  and 
radiation  heating.  In  addition  there  are  strong  three- 
dimensional  flows  from  the  raO  surface  to  the  insula¬ 
tor  surface  caused  by  the  nonuniform  electromagnetic 
forces  near  the  insulator  walls.  This  strong  flowfield, 
which  is  of  the  same  order  as  projectile  velocity,  causes 
significant  convective  heat  transfer  which  can  remove 
ablated  products  from  the  bore  surface.  In  most  rail¬ 
gun  experiments  the  observed  armature  size  is  rela¬ 
tively  constant,  6  to  10  bore  diameters.  Thus  the  ar¬ 
mature  is  not  accumulating  mass,  and  up  to  primary 
armature  separation  the  buffer  region  does  not  appear 
to  accumulate  mass.  Momentum  drag  results  from  the 
acceleration  of  the  ablated  mass  by  the  armature  in  a 
process  that  continuously  exchanges  mass  in  the  arma¬ 
ture,  Fig.  2  illustrates  the  processing  of  material  by  the 
armature.  Ablated  products  that  leave  the  armature 
with  higher  exit  velocity  than  entrance  velocity  cause 
momentum  drag  and  reduce  driving  pressure  on  the 
projectile.  The  following  equation  for  driving  pressure 
contains  the  viscous  forces,  momentum  drag  force,  ar¬ 
mature  acceleration  drag,  electromagnetic  acceleration 
force  and  bore  pressure  behind  the  armature. 
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Fig.  2.  Armature  material  processing. 


The  integrals  are  taken  over  the  volume  and  sur¬ 
face  of  the  bore  in  the  region  of  the  armature.  Bore 
pressure  (Ptore)  from  gasdynamics  behind  the  arma¬ 
ture  acts  as  an  accelerating  force  on  the  armature, 
^arm  Is  the  mass  of  the  armature  and  buffer  gas  be¬ 
hind  the  projectile.  The  surface  integral  ol  mV  '  ds 
yields  the  momentum  drag  of  fluid  processed  by  the 
armature. 

Due  to  the  complex  flowfield  around  the  plasma 
armature,  momentum  drag  is  impossible  to  measure 
directly,  and  is  equally  difficult  to  model,  requiring  a 
full  3-D  MHD  code.  Careful  experiments  with  cal¬ 
ibrated  instrumentation  will  be  required  to  evaluate 
the  magnitude  of  the  ablation  drag  relative  to  all  other 
loss  mechanisms.  Results  from  a  UTSI  investigation  of 
augmented  railgun  performance  indicate  that  the  ab¬ 
lation  drag  model  does  not  explain  the  performance  ef¬ 
ficiency  losses  with  increasing  augmentation  [6].  Since 
the  ablation  drag  term  has  the  form, 

jp(ablation  drag)  =  alV 

where  a  is  the  ablation  constant,  I  is  the  armature 
current  and  V  is  the  armature  voltage,  an  increase  in 
armature  power  should  correlate  with  ablation  drag. 

In  the  cases  where  armature  current  profile  was  held 
constant  and  the  augmenting  current  increased,  the 
predicted  performance  with  constant  ablation  was  not 
obtained.  Reference  [6]  contains  a  summary  of  the 
augmented  experiments  and  performance  model  esti¬ 
mates  of  the  losses. 

Gasdynamic  pressure^  other  than  electromagnetic 
pressure,  has  often  been  ignored  in  railgun  perfor¬ 
mance  analysis.  There  are  three  gasdynamic  pressure 
components  acting  on  the  armature  and  projectile, 
and  their  influence  is  significant.  Failure  to  correctly 
account  for  all  the  pressure  contributions  to  the  net 
driving  force  leads  to  errors  in  evaluating  the  electro¬ 
magnetic  performance.  The  first  pressure  force  is  the 
remaining  light  gas  gun  driving  pressure  which  acts  on 
the  rear  of  the  armature.  An  estimate  of  the  acceler¬ 
ation  resulting  from  residual  gas  gun  drive  can  be  ob¬ 
tained  from  a  cold  shot  without  electromagnetic  drive. 
The  gas  gun  drive  during  a  hot  shot  will  be  larger  due 
to  the  thermal  energy  transferred  to  the  driving  gas 
which  increases  pressure  and  the  speed  of  sound. 

The  second  pressure  force  is  associated  with  the 
fusing  transient  and  armature  formation  in  a  process 
similar  to  an  explosion.  Pressure  transducers  just  up¬ 
stream  of  the  fusing  location  record  the  passage  of  a 
strong  shock  wave.  Fig.  3  shows  the  pressure  trans¬ 
ducer  record  of  the  pressure  transient.  Taylor,  et  al  [5] 
modeled  the  fusing  pressure  pulse  for  a  series  of  UTSI 
railgun  experiments  to  provide  the  correct  accelera¬ 
tion  profile  during  the  initial  electromagnetic  drive. 
The  empirical  pressure  pulse  is  also  shown  in  Fig.  3 
along  with  the  empirical  equation.  Failure  to  account 
for  these  two  pressure  forces  will  yield  electromagnetic 
efficiencies  greater  than  unity  for  the  first  portion  of 


Fig.  3.  Pressure  transient  from  armat\ire  fusing. 

the  acceleration,  and  will  bias  the  evaluation  of  overall 
efficiency. 

The  third  pressure  effect  is  associated  with  the 
release  of  ablated  gasses  into  the  bore  behind  the  ar¬ 
mature.  This  traveling  source  of  “warm”  gas  which 
leaks  around  and  out  of  the  armature  pressurizes  the 
region  between  the  armature  and  the  cold  driving  gas 
and  contributes  to  the  acceleration.  A  detailed  gasdy¬ 
namic  model  of  this  pressure  term  is  being  developed 
at  UTSI,  and  the  magnitude  of  this  effect  has  not  been 
estimated.  All  three  pressure  forces  are  important  and 
should  not  be  neglected  in  analyzing  railgun  perfor¬ 
mance.  Also,  the  bore  pressure  ahead  of  the  projectile 
must  be  included  in  the  drag  forces. 

IV.  COMPUTATIONAL  ANALYSIS  OF  ARMATURE 
MHD  AND  EM  EFFECTS 

This  complex  armature  flow  is  difficult  to  ana¬ 
lyze  with  computational  models.  Theoretical  analysis 
has  progressed  from  simple  zero  dimensional  models 
to  rather  sophisticated  two-dimensional  MHD  codes, 
but  none  of  these  can  predict  the  complex  behavior 
revealed  by  the  diagnostic  measurements.  No  models 
have  been  developed  which  describe  either  the  three- 
dimensional  armature  flow  or  the  associated  three- 
dimensional,  time  dependent  electromagnetic  field. 
This  complex  electrodynamic  field  generates  eddy  cur¬ 
rents  in  the  gun  structure  which  can  alter  the  force  act¬ 
ing  on  the  armature.  Recent  experiments  suggest  that 
this  effect  is  significant,  and  detailed  simulations  are 
needed  to  estimate  its  magnitude  and  to  explore  meth¬ 
ods  to  minimize  its  reduction  of  the  armature  force. 

Initial  performance  analysis  of  railguns  was  based 
simply  on  the  total  mechanical  work  done  by  a  circuit 
with  a  changing  inductance.  This  simple  model  leads 


to  a  total  force  on  the  projectile  given  by,  F  =  1/2L'7^ 
where  L'  is  the  inductance  gradient  of  the  gun  and  I 
is  the  armature  current.  Detailed  simulations  of  the 
two-dimensional  armature  flow  with  time  dependent 
currents,  radiation  transfer  and  ablation  showed  the 
primary  separation  which  had  been  observed  in  nu¬ 
merous  experiments,  but  failed  to  predict  the  observed 
reduction  in  velocity  [3].  However,  in  all  these  mod¬ 
els  it  was  assumed  that  the  total  force  acting  on  the 
armature  was  given  by  the  equation  above.  Only  3-D 
models  can  utilize  the  J  x  B  -  k  form  of  electromagnetic 
force. 

The  plasma  flow  in  a  railgun  armature  clearly 
has  important  three-dimensional  features.  Most  cur¬ 
rent  hydrocodes  which  include  MHD  and  plasma  ra¬ 
diation  transfer  can  only  calculate  two  spatial  di¬ 
mensions.  However,  simulations  using  these  two- 
dimensional  codes  can  provide  vital  insight  into  the 
physical  mechanisms  which  control  the  formation  and 
evolution  of  secondary  arcs  and  the  separation  of  the 
primary  arc  from  the  projectile.  The  CALE  code 
developed  at  LLNL  was  recently  used  to  simulate 
the  evolution  of  a  railgun  armature.  Conditions  for 
the  simulation  were  similar  to  those  used  in  a  recent 
HELEOS  experiment. 

The  detailed  plasma  flow  is  shown  in  Fig.  4.  The 
transverse  (rail-to-rail)  current  density  contours  are 
plotted  in  the  upper  half  of  each  figure,  and  the  plasma 
velocity  vectors  are  plotted  in  the  lower  half.  During 


the  rising  part  of  the  current  pulse,  a  nonconducting 
buffer  of  compressed  gas  accumulates  at  the  base  of 
the  projectile.  Recovered  projectiles  from  plasma  rail- 
guns  rarely  show  any  evidence  of  base  ablation.  It  is 
this  buffer  which  protects  the  projectile  base  from  ab¬ 
lation.  After  passing  through  current  maximum,  the 
electromagnetic  pressure  decreases  and  this  volume  of 
compressed  gas  begins  to  expand,  moving  the  projec¬ 
tile  away  from  the  armature.  The  armature  then  be¬ 
gins  to  pump  residual  bore  material  forward  into  the 
region  of  decreasing  pressure,  slowing  the  primary  arc 
and  increasing  the  separation.  The  base  pressure  is 
now  too  small  to  provide  any  significant  acceleration 
to  the  projectile  and  its  maximum  velocity  is  reached. 
The  two-dimensional  CALE  simulations  produced  this 
separation  only  when  material  was  added  to  the  com¬ 
putational  domain  at  the  juncture  of  the  projectile 
base  and  the  rail.  This  suggests  that  vapor  eroded 
from  the  projectile  by  frictional  heating  is  responsible 
for  the  buffer  formation  and  primary  separation  [3]. 

V.  SUMMARY  AND  RECOMMENDATIONS 

The  principal  need  for  a  railgun  model  is  to  aid 
in  understanding  how  the  processes  represented  by  the 
electromagnetic  equations  and  fluid  mechanical  equa¬ 
tions  interact  to  produce  the  driving  force  on  the  pro¬ 
jectile.  The  railgun  is  an  mherently  three-dimensional 
device.  These  three  mutually  orthogonal  directions 
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Fig.  4.  2-D  CALE  simulation  of  primary  separation 
(Rail-to-rail  current  density,  top  and  velocity  vectors,  bottom). 


are  defined  by  the  current,  the  magnetic  field  and  the 
acceleration.  Although  two-dimensional  simulations 
have  provided  valuable  insight  into  physical  mecha¬ 
nisms,  it  is  not  possible  to  adequately  describe  either 
the  MHD  flow  or  the  electromagnetic  field  by  using 
simulations  in  fewer  than  three  dimensions. 

Two-dimensional  simulations  of  the  complex 
MHD  armature  flow  have  provided  valuable  insights 
into  the  physical  mechanisms  responsible  for  the  sep¬ 
aration  of  the  primary  arc  from  the  projectile.  How¬ 
ever,  the  two-dimensional  simulations  have  not  been 
able  to  positively  identify  the  mechanisms  that  ini¬ 
tiate  secondary  arc  formation.  It  is  very  likely  that 
secondary  formation  is  directly  linked  to  the  complex 
three-dimensional  flow  from  the  rail  to  the  insulator 
caused  by  the  reduction  of  J  x  B  forces  near  the  insu¬ 
lator  surface.  This  effect  is  also  responsible  for  a  loss 
of  material  from  the  armature  which  requires  replen¬ 
ishment  from  either  the  bore  surfaces  or  the  projectile. 
Furthermore,  previous  2-D  MHD  simulations  have  not 
included  fluid  viscosity,  so  it  has  not  been  possible  to 
estimate  the  magnitude  of  the  viscous  drag  produced 
by  the  complex  armature  flow  or  the  increasing  mass 
of  the  buffer  layer. 

The  physical  models  and  computer  simulations 
described  in  this  paper  provide  understanding  and  a 
rational  approach  to  solving  the  railgun  velocity  lim¬ 
its.  In  order  to  achieve  higher  velocities  there  must 
be  changes  in  the  structure  and  operation  of  railguns 
and  their  projectiles.  Three-dimensional  simulations 
for  both  the  electromagnetic  field  and  the  armature 
flow  will  provide  a  basis  on  which  new  strategies  are 
developed  to  overcome  the  drag  forces  and  electrody¬ 
namic  loss  mechanisms  that  now  limit  the  velocity  in 
railguns.  These  strategies  are  likely  to  include  lam¬ 
inated  rail  components,  stiff,  low-friction  projectiles, 
hybrid  armatures  and  advanced,  augmented  and  dis¬ 
tributed  energy  barrel  designs.  Careful  and  detailed 


theoretical  analysis  will  enable  a  thoughtful  and  ef¬ 
fective  implementation  of  these  and  other  strategies 
which  will  result  in  much  higher  velocities. 
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Abstract 

Experimental  railgun  velocities  have  generally 
been  limited  to  approximately  6  km/s.  This  veloc¬ 
ity  limit  is  usually  accompanied  by  the  evolution  of 
the  plasma  armature  into  two  separate  arc  structures 
and  a  separation  of  the  armature  from  the  projectile. 
A  three-dimensional  physical  model  for  the  plasma  ar¬ 
mature  is  proposed  which  is  based  on  experimental 
observations.  A  railgun  performance  model  named 
TWOARC,  consistent  with  this  physical  model,  was 
developed  to  correlate  railgun  experiments  in  which 
secondary  arcs  occurred.  Predictions  of  this  model 
are  compared  with  arc  trajectories  observed  in  ex¬ 
periments  in  12  mm  and  56  mm  diameter  railguns. 
The  CALE  two-dimensional  MHD  code  was  used  to 
simulate  the  complex  flow  in  a  railgun  plasma  arma¬ 
ture.  The  simulations  exhibit  the  observed  behavior 
of  plasma  armatures  and  provide  some  insight  into  the 
complex  armature  flow. 

I.  Introduction 

Why  have  railguns  been  limited  to  velocities  of 
about  6  km/s?  The  elusive  promise  for  hypervelocity 
railguns  has  been  unfulfilled  for  more  than  a  decade. 
Marshall  [1]  reported  a  series  of  experiments  in  1978 
in  which  a  railgun  powered  by  a  homopolar  genera¬ 
tor  achieved  several  shots  with  velocities  near  6  km/s. 
Since  that  time,  numerous  railguns  have  been  con¬ 
structed  whose  predicted  velocity  was  greater  than  6 
km/s.  Few  have  actually  exceeded  6  km/s,  and  none 
have  reached  their  predicted  performance.  Various 
drag  mechanisms  have  been  proposed  to  explain  these 
results,  including  bore  ablation,  secondary  arcs  and 
viscosity  [2].  All  these  mechanisms  depend  upon  the 
complex  MHD  flow  in  the  plasma  arcs  driving  the  pro¬ 
jectiles.  It  is  essential  to  understand  what  it  is  that 
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limits  performance  if  velocities  above  6  km/s  are  ever 
to  be  reliably  obtained.  Diagnostic  measurements  at 
The  University  of  Tennessee  Space  Institute  (UTSI) 
have  led  to  physical  and  computational  models  which 
provide  considerable  insight  into  the  complex  arma¬ 
ture  flows.  These  models  now  provide  a  rational  ba¬ 
sis  on  which  to  propose  solutions  which  can  overcome 
present  velocity  limits. 

II.  Physical  Model  of  a  Plasma  Armature 

Solid  metal  armatures  can  be  used  for  railguns 
which  operate  below  2  km/s,  but  all  hypervelocity  rail¬ 
guns  are  driven  by  plasma  armatures.  Often,  it  has 
been  tacitly  assumed  that  a  plasma  armature  was  just 
like  a  solid  armature,  but  with  negligible  mass  and 
higher  resistance.  Acceleration  of  a  projectile  by  a 
plasma  differs  in  almost  every  respect  from  a  solid  ar¬ 
mature.  In  a  solid  armature  the  electromagnetic  force 
developed  in  the  metal  is  transmitted  directly  to  the 
projectile,  but  in  a  plasma  armature  all  the  electro¬ 
magnetic  force  is  transmitted  to  the  projectile  by  fluid 
pressure.  This  pressure  is  generated  and  sustained 
by  the  electromagnetic  forces  in  a  dynamic,  flowing 
plasma  which  is  dominated  by  thermal  radiation  and 
electromagnetic  forces.  The  resulting  flow  is  strongly 
three-dimensional  and  contadns  complex  recirculation 
cells.  Optical  and  magnetic  diagnostic  measurements 
and  two-dimensional  computer  simulations  have  pro¬ 
vided  some  understanding  of  these  complex  plasma  ar¬ 
matures. 

Several  years  ago,  UTSI  succeeded  in  using  quartz 
optical  fibers  to  obtain  direct  optical  measurements  of 
the  plasma  emission  from  within  the  bore  of  a  railgun 
[3,4].  These  measurements  led  to  the  development  of 
a  physical  model  for  the  plasma  armature  which  has 
now  been  incorporated  into  two  computational  mod¬ 
els.  Three  key  measurements  are  shown  in  Figs.  1-3.  In 
Fig.  1  the  emission  from  the  plasma  is  shown  as  a  func¬ 
tion  of  time  as  observed  simultaneously  through  both 
the  rail  and  the  insulator  surfaces  in  a  1  cm  square 


Figure  1.  Measured  optical  emission  at  the  rail  and 
insulator  surfaces  compared  with  the  arc  current. 

bore  railgun.  The  current  measured  by  a  rail  B-dot 
probe  is  also  shown  for  comparison.  The  emission  at 
the  rail  surface  follows  the  current,  but  the  emission  at 
the  insulator  surface  decreases  soon  after  the  current 
begins  to  rise  and  decreases  to  a  minimum  near  the 
current  maximum.  The  decrease  in  emission  results 
from  shielding  of  the  insulator  surface  by  vapor  which 
is  ablated  from  the  insulator  surface  by  intense  thermal 
radiation  from  the  interior  of  the  plasma. 

Figure  2  shows  the  spectra  obtained  simultane¬ 
ously  from  the  rail  and  insulator  for  a  one  microsecond 
exposure  at  a  point  in  the  armature  near  the  maximum 
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Figure  2.  Simultaneous  emission  spectra  measured  at 
rail  and  insulator  surfaces.  One  microsecond  exposure. 


value  of  current  density.  There  is  a  considerable  dif¬ 
ference  in  the  intensity  of  the  emission  from  the  rail 
and  insulator  surfaces  because  of  the  vapor  shielding, 
but  there  is  a  striking  similarity  in  the  spectral  fea¬ 
tures.  This  result  suggests  that  strong  mixing  occurs 
within  the  plasma  armature  which  quickly  transports 
rail  material  (copper)  to  the  insulator  surfaces.  De¬ 
tailed  plasma  radiation  transport  models  were  devel¬ 
oped  at  UTSI  to  analyze  these  spectra  [4].  A  compari¬ 
son  between  this  model  and  an  experimental  spectrum 
obtained  from  measurements  we  made  at  the  Thunder¬ 
bolt  facility  is  shown  in  Fig.  3.  The  radiation  trans¬ 
port  model  provides  reasonable  estimations  for  plasma 
composition  and  temperature. 
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Figure  3.  Comparison  of  measured  spectra  and  plasma 
radiation  model.  The  armature  temperature  estimate 
is  16,800  K  and  the  armature  composition  estimate  is 
27.5%  Cu  and  2.5%  Al. 

These  diagnostic  measurements  have  led  us  to 
propose  a  physical  model  for  the  plasma  armature 
which  modifies  and  extends  the  ablation  model  pro¬ 
posed  earlier  by  Parker  [2].  The  projectile  is  accel¬ 
erated  by  fluid  pressure  in  the  plasma  which  is  sus¬ 
tained  within  the  plasma  and  near  the  rail  surface  by 
the  Lorentz  (J  x  B)  body  force.  Near  the  insulator 
surface  vapor  shielding  reduces  the  plasma  tempera¬ 
ture  and,  therefore,  the  electrical  conductivity  of  the 
plasma.  Thus,  the  current  density  is  reduced  near  the 
insulator  and  the  J  x  B  force  can  no  longer  balance 
the  high  pressure  developed  at  the  base  of  the  pro¬ 
jectile.  This  results  in  a  cross  flow  from  the  rail  to 
the  insulator  and  a  leakage  of  material  from  the  arma¬ 
ture  along  the  insulator  surfaces  which  fills  the  bore 
behind  the  armature.  This  lost  armature  material 
must  be  replaced  to  prevent  depletion  of  the  arma- 


The  phenomenon  of  “restrike”  or  secondary  arcs 
has  long  been  associated  with  degraded  velocity  per¬ 
formance  [5].  We  have  constructed  a  computational 
railgun  performance  model  called  TWOARC  which 
includes  the  effects  of  a  secondary  arc.  The  railgun 
model  is  consistent  with  the  physical  model  for  the 
plasma  armature  described  above,  and  accounts  for 
the  dynamic  interactions  of  a  railgun  circuit  carrying 
two  arcs.  The  electromagnetic  force  on  each  of  the  two 
arcs  was  determined  from  a  twodimensional  railgun 
model.  The  circuit  model  includes  the  time  and  dis¬ 
tance  dependent  rail  resistances  and  the  velocity  and 
distance  dependent  rail  inductances  as  shown  schemat¬ 
ically  in  Fig.  5.  The  position  of  the  arcs  and  projectile 
in  the  railgun  is  determined  by  the  electromagnetic, 
inertial,  pressure,  viscous  and  ablation  drag  forces  as 
shown  schematically  in  Fig.  6.  An  important  feature 
of  the  model  is  that  the  material  ablated  from  the  bore 
does  not  accumulate  in  the  primary  arc  (nearest  the 
projectile)  but  is  trapped  between  the  two  arcs  and  ac¬ 
celerated  by  the  secondary  arc.  Approximate  physical 
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Figure  6.  Schematic  of  the  physical  model  and  force 
equations  for  the  UTSI  TWOARC  code. 

models  are  used  to  describe  ablation,  armature  resis¬ 
tance  and  separation  of  the  armatures  and  the  projec¬ 
tile.  Unknown  parameters  in  these  models  were  deter¬ 
mined  by  correlations  with  experimental  data  from  12 
mm  railgun  experiments  performed  at  Lawrence  Liv¬ 
ermore  National  Laboratory  (LLNL)  and  the  56  mm 
diameter  Thunderbolt  railgun.  Because  of  the  approx¬ 
imate  nature  of  the  physical  models  and  the  uncer¬ 
tainty  in  the  parameters,  such  as  the  ablation  coeffi¬ 
cient  armature  resistance  and  the  viscous  coefficient, 
the  model  is  not  predictive  but  is  useful  for  the  corre¬ 
lation  and  interpretation  of  experimental  results. 


A  correlation  between  the  model  predictions  and 
B-dot  probe  data  from  the  12  mm  diameter,  5.2  m 
long  LLNL  railgun  [5]  is  shown  in  Fig.  7.  The  ar¬ 
mature  divided  into  primary  and  secondary  arcs  soon 
after  the  pulse  began.  These  arcs  continued  to  sepa¬ 
rate  as  the  secondary  arc  dissipated  its  electromagnetic 
force  to  accelerate  the  ablated  material  released  by  the 
primary  arc.  The  primary  arc  continued  to  accelerate 
the  projectile  until  well  after  current  maximum,  but 
then  the  primary  arc  separated  from  the  projectile. 


Figure  7.  Comparison  of  the  TWOARC  simulation 
with  B-dot  and  other  position  data  from  the  12  mm 
LLNL  railgun. 


Figure  8.  Comparison  of  the  TWOARC  simulation 
with  B-dot  position  data  from  the  56  mm  THUNDER¬ 
BOLT  railgun. 


This  separation  of  the  primary  arc  from  the  projectile 
effectively  uncoupled  the  Lorentz  forces  from  the  pro¬ 
jectile  and  no  further  acceleration  took  place.  Figure 
8  shows  a  similar  behavior  for  the  56  mm  diameter, 
20  m  long  Thunderbolt  railgun.  In  this  experiment 
the  large  number  of  closely  spaced  B-dot  probes  more 
clearly  defined  the  trajectory  of  the  two  arcs. 

Examination  of  the  detailed  information  available 
from  TWOARC  reveals  that  prior  to  primary  sep¬ 
aration,  approximately  80%  of  the  available  electro¬ 
magnetic  impulse  was  converted  into  projectile  mo¬ 
mentum.  However,  when  primary  separation  occurred 
almost  none  of  the  available  electromagnetic  impulse 
was  converted  to  projectile  acceleration.  Instead,  the 
primary  arc  apparently  dissipated  its  electromagnetic 
force  by  pumping  residual  bore  material  forward  into 
the  increasing  volume  between  the  primary  arc  and 
the  projectile. 

The  TWOARC  simulations  clearly  show  that 
while  performance  is  degraded  by  parasitic  secondary 
arcs,  it  is  primary  separation  which  prevents  further 
acceleration  and  imposes  the  observed  velocity  limit. 
Insight  into  the  dynamic  plasma  mechanisms  which 
lead  to  secondary  formation  and  primary  separation 
has  been  enhanced  through  simulations  of  the  plasma 
armature  using  the  two-dimensional  CALE  magneto- 
hydrodynamic  code. 

IV.  Two-Dimensional  Plasma  Armature  Simulations 

The  plasma  flow  in  a  railgun  armature  clearly  has 
important  three-dimensional  features.  Most  current 
hydrocodes  which  include  MHD  and  plasma  radiation 
transfer  can  only  handle  two  dimensions.  However, 
simulations  using  these  two-dimensional  codes  can  pro¬ 
vide  vital  insight  into  the  physical  mechanisms  which 
control  the  formation  and  evolution  of  secondary  arcs 
and  the  separation  of  the  primary  arc  from  the  pro¬ 
jectile.  The  CALE  code  developed  at  LLNL  was  used 
to  simulate  the  evolution  of  a  railgun  armature.  The 
CALE  code  is  an  arbitrary  Lagrangian-Eulerian  MHD 
code  which  includes  magnetic  diffusion  and  radiation 
transfer,  but  neglects  fluid  viscosity.  The  simulations 
used  a  mixed  computational  domain  in  which  the  fluid 
mechanics  were  simulated  in  an  axisymmetric  cylindri¬ 
cal  domain  while  the  magnetic  field  solutions  were  ob¬ 
tained  in  a  plane  which  included  the  rails.  Conditions 
for  the  simulation  were  similar  to  those  used  in  a  recent 
HELEOS  experiment  [6]  and  include  the  time  depen¬ 
dence  of  the  current  pulse  driving  the  railgun.  The 
simulations  show  that  the  secondary  arc  does  not  “re¬ 
strike'’  suddenly  in  the  empty  bore,  but  evolves  slowly 
from  the  tail  of  the  primery  arc  as  shown  in  Fig.  9. 
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Figure  9.  Two-dimensional  CALE  code  simulation  of  plasma  armature  showing  evolution  of  a  secondary  arc. 
Current  density  at  the  axis  and  near  the  wall  is  plotted  as  a  function  of  distance  at  4  different  times. 


This  figure  shows  the  armature  current  distribution 
at  four  different  times  as  the  armature  moves  down 
the  bore.  The  secondary  initially  forms  as  a  peak  near 
the  rear  of  the  primary  armature  which  then  separates 
from  its  parent.  It  first  weakens,  but  then  grows  in 
amplitude  as  it  continues  to  separate  from  the  primary. 

The  detailed  plasma  flow  within  the  armature  is 
shown  in  Fig.  10.  The  transverse  (rail-torail)  current 
density  contours  are  plotted  in  the  upper  half  of  each 
figure,  and  the  plasma  velocity  vectors  are  plotted  in 
the  lower  half.  The  strong  recirculation  produced  by 
ablation  drag  and  acceleration  is  clearly  evident.  Dur¬ 
ing  the  rising  part  of  the  current  pulse,  a  nonconduct¬ 
ing  buffer  of  compressed  gas  accumulates  at  the  base 
of  the  projectile.  This  is  consistent  with  the  obser¬ 
vation  that  recovered  plastic  projectiles  from  plasma 
railguns  rarely  show  any  evidence  of  base  ablation.  It 
is  this  nonconducting  buffer  which  protects  the  projec¬ 
tile  base  from  ablation.  After  passing  through  current 
maximum,  the  electromagnetic  pressure  decreases  and 
this  volume  of  relatively  dense  compressed  gas  begins 
to  expand,  moving  the  projectile  away  from  the  pri¬ 
mary  arc.  The  primary  arc  then  begins  to  pump  resid¬ 
ual  bore  material  forward  into  the  region  of  decreasing 
pressure,  slowing  the  primary  arc  and  increasing  the 
separation.  The  base  pressure  is  now  too  small  to  pro¬ 
vide  significant  acceleration  to  the  projectile  and  its 
maximum  velocity  is  obtained. 

V.  Conclusions 

The  physical  models  and  computer  simulations 
described  above  provide  some  insight  into  the  com¬ 
plex  MHD  flow  in  plasma  armatures,  but  many  ques¬ 
tions  remain  unresolved.  The  simulations  suggested 
that  the  buffer  region  between  the  projectile  and  the 
primary  arc  was  initiated  by  vapor  produced  in  the 
sliding  interface  between  the  projectile  and  the  bore 
and  introduced  into  the  baseflow  region.  However,  we 
were  unable  to  postulate  a  physical  mechanism  which 
reliably  led  to  initiation  and  formation  of  stable  sec¬ 
ondary  arcs.  We  speculate  that  it  is  the  strong  three- 
dimensional  components  of  the  flow  from  the  rail  to 
insulator  which  lead  to  the  isolation  of  a  conducting 
region  of  plasma  which  becomes  a  secondary  arc.  Fur¬ 
ther  insight  into  the  complex  armature  flow  will  be 
difficult  without  the  aid  of  three-dimensional  computer 
simulations  of  the  plasma  armature. 

In  order  to  achieve  higher  railgun  velocities  there 
must  be  changes  in  the  structure  and  operation  of  rail- 
guns  and  their  projectiles.  A  number  of  strategies  have 
been  suggested  to  prevent  or  quench  secondary  arcs  [2]. 
These  include  reduction  of  bore  ablation,  augmenta¬ 


tion,  segmentation  of  rails  and  distributed  power.  An¬ 
other  approach  which  appears  to  have  promise  is  the 
hybrid  armature.  Experiments  have  been  performed 
at  UTSI  using  hybrid  armatures  of  various  configura¬ 
tions  at  velocities  below  2  km/s  to  characterize  their 
efficiency  and  mass  ablation  rates  [7].  Short,  hybrid  ar¬ 
matures  were  used  on  the  HELEOS  railgun  to  control 
the  armature  configuration  and  to  replenish  lost  arma¬ 
ture  material  without  the  associated  ablation  drag  [6]. 
These  armatures  have  operated  without  secondary  arc 
formation  and  provided  near  ideal  theoretical  perfor¬ 
mance  up  to  a  velocity  of  6.7  km/s  and  have  achieved 
a  maximum  velocity  of  7.5  km/s.  These  experiments, 
together  with  nwre  sophisticated  computer  simula¬ 
tions  which  include  hybrid  armatures,  should  provide 
a  sound,  rational  basis  to  extend  the  velocity  limit  for 
railguns. 
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Determining  Railgun  Plasma  Current 
Distribution  Using  Jansson’s  Method 
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Abstract — In  this  paper  we  present  a  method  of  determining  the 
plasma  armature  current  distribution  from  B-dot  probe  signals. 
This  method  utilizes  the  knowledge  that  the  B-dot  probe  signal 
can  be  shown  to  be  a  convolution  of  the  plasma  armature 
current  distribution  with  the  impulse  response  function  of  toe 
B-dot  probe.  Jansson’s  relaxation-based  nonlinear  deconvolution 
technique  is  developed  for  use  with  recorded  B-dot  probe  data. 
Results  obtained  with  this  technique  indicate  that  significant 
improvement  in  estimations  can  be  obtained  over  previously  used 
linear  deconvolution  methods. 


1.  Introduction 

IN  order  to  evaluate  the  performance  of  an  electromagnetic 
launcher  (railgun),  it  is  essential  to  understand  the  plasma 
armature  current  density.  Over  the  past  decade,  current  probes 
(termed  B>dot  probes)  have  become  a  primary  diagnostic 
instrumentation  technique  used  to  assess  the  performance  of 
railguns  [1].  A  B-dot  probe  is  a  small  cylindrical  coil  that 
produces  an  output  voltage  proportional  to  the  time  rate  of 
change  of  the  magnetic  field  component  parallel  to  the  axis 
of  the  coil.  As  the  plasma  armature  passes  by  a  B-dot  probe 
located  near  the  barrel  of  the  railgun,  it  produces  a  voltage 
pulse  whose  functional  form  is  dependent  upon  the  orientation 
of  the  probe.  With  the  B-dot  probe  oriented  to  sense  the 
armature  current,  the  probe  signal  is  a  bimodal  pulse  consisting 
of  a  positive  and  a  negative  portion.  The  B-dot  probes  on  the 
railgun  at  the  University  of  Tennessee  Space  Institute  (UTSI) 
are  oriented  to  sense  the  rail  current,  and  the  probe  signal  is  a 
unidirectional  pulse.  Since  these  signals  depend  on  the  shape  of 
the  armature  current  distributions  in  plasma  armature  railguns, 
they  are  used  to  infer  the  current  densities  in  the  plasma. 

Presently,  several  methods  are  used  to  determine  the  plasma 
armature  current  distributions  from  recorded  B-dot  probe  sig¬ 
nals.  Cobb  [2]  has  developed  a  method  for  determining  current 
density  profiles  by  least-squares  fitting  of  the  B-dot  signals. 
Jamison  and  Burden  [3]  have  used  a  similar  technique  to 
determine  current  density  profiles.  Smith  and  Keefer  [4]  have 
shown  the  recorded  B-dot  signal  to  be  a  convolution  of  the  B- 
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dot  probe  impulse  response  with  the  plasma  armature  current 
distribution  and  have  retrieved  the  cunent  density  profiles 
from  B-dot  signals  through  deconvolution  using  a  Wiener 
filter.  Bouvier  [5]  speaks  of  finding  the  current  distribution  by 
taking  the  fast  Fourier  transform  of  the  integral  of  the  B-dot 
signal  and  deconvolving  it  with  a  geometry-dependent  weight 
function  and  a  Gaussian  filter. 

All  the  techniques  described  for  determining  the  plasma 
armature  current  densities  give  good  quantitative  information, 
but  they  all  have  drawbacks.  The  fitting  method  used  by  Jami¬ 
son  and  Burden  assumes  a  functional  form  for  the  armature 
current  distribution.  The  method  used  by  Cobb  assumes  a 
time  dependence  for  the  armature  current  distribution.  The 
deconvolution  approach  of  Bouvier  is  not  optimal  since  a 
Wiener  filter  gives  the  best  least-squares  linear  estimate.  The 
Wiener  filter  ^proach  of  Smith  and  Keefer  requires  an  ad  hoc 
parameter  in  the  absence  of  noise  and  data  statistics.  These 
and  other  linear  methods  also  suffer  since  the  final  estimate 
can  contain  nonphysical  artifacts  (e.g.,  negative  peaks). 

Frequently,  linear  deconvolution  produces  undesirable  ar¬ 
tifacts.  Nonlinear  methods,  however,  allow  the  use  of  con¬ 
straints  based  on  physical  properties,  such  as  nonnegativity, 
to  be  enforced  during  the  deconvolution  process.  Relaxation- 
based  nonlinear  iterative  methods  that  use  constraints  of  peak 
nonnegativity  have  been  successfully  used  by  CrUly  [6]  to 
restore  severely  overlapped  and  noisy  chromatographic  and 
spectroscopic  data.  For  this  type  of  data,  CrUly  has  shown 
that  Jansson’s  method  [7]  provides  the  best  results. 

In  this  paper,  we  present  the  iterative  nonlinear  deconvo¬ 
lution  method  developed  by  Jansson  [7]  as  a  technique  for 
determining  the  plasma  armature  current  distributions  from 
recorded  B-dot  probe  signals.  The  results  of  Smith  and  Keefer 
[4]  show  that  the  B-dot  probe  signal  is  a  convolution  of  the 
armature  current  distribution  with  the  B-dot  probe  impulse 
response  function.  Therefore,  the  current  distribution  can  be 
recovered  from  the  B-dot  probe  signal  through  deconvolu¬ 
tion.  Based  upon  the  work  of  Crilly,  Jansson’s  relaxation- 
based  nonlinear  iterative  deconvolution  method,  which  uses 
constraints  of  maximum  and  minimum  peak  amplitudes,  is 
developed  for  use  with  B-dot  probe  data.  Successive  estimates 
are  constrained  by  upper  and  lower  amplitude  bounds  that 
correspond  to  the  physical  limits  of  the  data.  The  constraining 
operation  is  done  in  a  gradual  fashion  without  any  truncation 
of  information.  The  procedure  makes  corrections  based  on  the 
difference  between  the  recorded  B-dot  probe  signal  and  the 


0093~3813/92$03.00  ©  1992  IEEE 


EVANS  AND  SMITH:  DETERMINING  RAILGUN  PLASMA  CURRENT  DISTRIBUTION 


433 


convolution  of  the  current  distribution  estimate  with  the  B- 
dot  probe  impulse  response  function.  This  method  requires 
knowledge  only  of  the  B-dot  probe  impulse  response  function 
and  the  maximum  peak  amplitude  of  the  armature  current 
distribution. 

The  derivation  of  the  B-dot  probe  impulse  response  function 
is  presented  in  the  following  section.  In  Section  III,  Jansson's 
deconvolution  method  is  developed,  and  its  implementation 
for  this  application  is  described.  Section  IV  presents  numerical 
results,  both  for  simulated  B-dot  probe  data  and  for  data  from 
actual  railgun  firings.  Discussion  and  conclusions  are  given  in 
Section  V. 


II.  B-Dot  Probe  Signal 

A  typical  B-dot  probe  consists  of  N  multiple  turns  of  wire 
around  a  form  having  a  cross-sectional  area  A.  The  B-dot 
probe  produces  an  output  voltage  proportional  to  the  time  rate 
of  change  of  the  magnetic  field  component  parallel  to  the  axis 
of  the  coil.  The  voltage  signal  induced  in  a  B-dot  probe  can 
be  found  from  Faraday's  law  and  is  given  by 

y  =  NA^,  (1) 


where  Bn  is  the  component  of  the  magnetic  field  parallel  to 
the  probe  normal  n. 

A  magnetic  field,  B,  occupies  the  space  around  a  current- 
carrying  conductor.  The  magnetic  induction  B  produced  at  a 
point  r  in  space  by  a  distribution  of  currents  is  determined  by 
the  Biot-Savart  law: 


B{r) 


MO  f  ><(»•-  »■')  J3_ 

si  Ir-r-p 


(2) 


Fig.  1.  Circuit  model  used  to  derive  the  expression  for  the  B-dot  probe  J 
response  to  a  passing  armature.  I 

t  ^  to,  the  leading  edge  of  the  current  distribution  passes 
the  B-dot  probe.  Near  the  time  to,  as  the  armature  passes  I 
the  probe,  a  pulse  occurs  in  the  signal  that  deviates  from  the  I 
quiescent  value  for  a  short  time  interval.  For  typical  railgun  | 
firings,  this  interval  is  on  the  order  of  100  /xs.  It  is  assumed  I 
that  over  this  time  interval,  the  velocity,  v,  and  total  current,  I 
lo,  remain  constant,  and  that  the  shape  of  the  armature  current  1 
distribution,  larm(0’  moving  coordinate  system  does  | 

not  change.  With  these  assumptions,  the  x  component  of  the  I 
current  in  the  rails  at  time  t  near  time  to  is  given  by  * 

hrmiOdt  (3)  I 


where  J(r')  is  the  current  density  at  the  point  r'. 

Smith  and  Keefer  [4]  have  shown  that,  under  certain  sim¬ 
plifying  assumptions,  a  B-dot  probe  voltage  signal  is  a  con¬ 
volution  of  the  armature  current  distribution  with  an  impulse 
response  function  which  can  be  derived  from  the  armature 
velocity  and  the  probe  geometry  and  position.  The  results  of 
Smith  and  Keefer  considered  only  the  current  traveling  in 
the  rail  nearest  the  B-dot  probe.  Evans  and  Smith  [8]  have 
expanded  this  derivation  to  include  the  effects  of  the  current 
traveling  in  both  rails.  A  derivation  can  be  found  in  the  cited 
references.  The  following  derivation  follows  that  of  Evans  and 
Smith  [8],  and  is  presented  for  completeness  and  consistency 
with  the  present  notation. 

The  railgun  circuit  model  shown  in  Fig.  1  consists  of  a 
current  loop  lying  in  the  x-y  plane.  The  rails  are  oriented  in 
the  X  direction  and  are  modeled  as  infinitely  thin  conductors 
carrying  total  gun  current  /q.  The  B-dot  probe  is  oriented 
to  sense  the  y  component  of  the  magnetic  field  and  is  at  a 
longitudinal  distance  x  from  the  origin,  at  a  radial  distance  ri 
from  the  nearer  rail,  and  at  an  angle  0i  from  the  z  direction. 
An  assumption  is  made  that  the  breech  of  the  gun  barrel  lies 
at  a  sufficient  distance  from  the  probe  to  approximate  -oo. 

The  armature  current  distribution  (current  per  unit  length) 
is  denoted  /arm(2:),  and  is  modeled  as  moving  with  velocity 
V  in  the  x  direction.  As  shown  in  Fig.  1,  it  lies  in  the  moving 
^  coordinate  system,  with  its  leading  edge  at  ^  =  0.  At  time 


From  the  Biot-Savart  law  (2),  the  y  component  of  the 
magnetic  field  at  the  probe  location  at  time  t  can  be  expressed 
explicitly  as 


This  expression  can  be  cast  into  the  form  of  a  convolution 
integral  via  a  method  similar  to  that  described  in  [8].  Following 
substitution  of  (3)  into  (4),  the  change  of  variables  77  = 
-[x  v{t  -  fo)]  is  made.  The  result  is  then  differentiated 
with  respect  to  time  t.  This  expression  in  turn  can  be  evaluated 
by  integration  by  parts.  The  B-dot  probe  response  can  thereby 
be  shown  to  be  proportional  to 


dt 


-  =  ^wi  cos  9i  f 
47r 


^arm(^) 


3/2 


dr}. 


(5) 

The  integral  in  (5)  can  be  recognized  as  the  one-dimensional 
convolution  of  the  armature  current  distribution  /arm  (a:)  with 
an  impulse  response  function  hi{x)  with  the  substitution 
X  =  v{to  -  t)  in  the  result.  The  impulse  response  function 
of  the  B-dot  probe  for  a  single  rail  is  thus  given  by 

vri  cos  $1 


hi{x)  = 


4jr 


[rj  +  x^] 


3/2  ’ 


(6) 
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where  the  convolution  is  performed  with  respect  to  the  variable 
X,  Note  that  the  B-dot  probe  signal  is  time  varying,  and  that  its 
temporal  variation  is  dependent  in  form  upon  the  velocity,  v. 

The  impulse  response  function  arising  from  the  current  in 
the  farther  rail  can  be  found  in  a  similar  manner.  The  probe 
is  located  a  radial  distance  r2  from  the  farther  rail  and  at  an 
angle  62  from  the  z  direction.  The  current  in  the  farther  rail 
is  assumed  to  be  given  by  (?)  but  traveling  in  the  opposite 
direction.  This  induces  a  magnetic  field  in  the  y  direction 
opposite  in  sign  to  that  induced  by  the  current  in  the  nearer 
rail.  The  expression  for  the  y  component  of  the  magnetic  field 
at  the  probe  location  caused  by  the  farther  rail  current  is  thus 
given  by  the  negative  of  (4)  with  the  radial  distance  and  angle 
for  the  farther  rail.  By  following  the  same  analysis  used  in 
determining  the  impulse  response  arising  from  the  current  in 
the  nearer  rail,  the  impulse  response  function  of  the  B-dot 
probe  caused  by  the  current  in  the  farther  rail  is 


The  convolution  integral  can  be  approximated  by  a  rectangular 
rule  integration  scheme  with  interval  vAt  to  yield 

M-l 

g{-nAt)  =  ^  I^rn{rrivAt)h{{n-m)vAt)vAt-\-e{--nAt), 
m=0 

where  M  is  the  total  number  of  points  in  the  discrete  sequence 
Ia.rm{v)' 

For  the  remainder  of  this  paper,  the  substitutions  g{n)  for 
g{-nAt),  /arm(n)  for  I^J{nvAt\  h{n)  for  h{nvAt)vAt, 
and  e(n)  for  e(-nAf)  will  be  used.  With  this  obvious  abuse 
in  notation,  the  B-dot  probe  signal  can  be  written  as  the 
convolution  of  two  discrete  sequences  corrupted  by  a  noise 
sequence  as 

M-l 

9{n)^  E  Lrm(m)/i(n  -  m)  +  e{n).  (12) 

m=0 


h2{x)  =  - 


flQ  VT2  cos  62 

47r[r2+x2f^^' 


(7) 


By  superposition,  the  impulse  response  function  of  the  B-dot 
probe  arising  from  the  cunent  in  both  rails  can  be  expressed  as 


VTi  COS  61 

[rl  -b 


vr2  cos  62 


(8) 


It  has  been  shown  that  the  B-dot  probe  signal  is  a  convolu¬ 
tion  of  the  armature  current  density  with  the  impulse  response 
function  of  the  B-dot  probe.  Jansson’s  relaxation-based  itera¬ 
tive  nonlinear  deconvolution  method  will  be  developed  in  the 
next  section.  Also,  its  implementation  for  this  application  will 
be  described. 


III.  Estimation  of  the  Current  Distribution 

Since  it  was  shown  that  the  B-dot  probe  signal  is  a  con¬ 
volution  of  the  plasma  armature  current  distribution  with  the 
impulse  response  function  of  the  B-dot  probe,  the  current 
distribution  can  be  recovered  from  the  B-dot  probe  signal 
using  a  deconvolution  technique.  The  relaxation-based  iter¬ 
ative  nonlinear  deconvolution  method  developed  by  Jansson 
[7]  is  presented  here  as  a  technique  for  determining  the 
plasma  armature  current  distributions  from  recorded  B-dot 
probe  signals  [9]. 

Assuming  that  the  leading  edge  of  the  armature  passes  the 
B-dot  probe  at  time  fo  =  0?  the  B-dot  probe  signal,  denoted 
g{t),  can  be  written 

g{t)=  I  hrm{v)h{-vt-Ti)dri  +  e{t),  (9) 

J  —oo 

where  h{x)  is  the  B-dot  probe  impulse  response  function  given 
in  (8),  /arm(aj)  is  the  plasma  armature  current  distribution, 
and  e{t)  represents  the  noise  that  inevitably  corrupts  any 
experimental  signal.  If  the  signal  is  sampled  at  a  uniform 
sampling  interval,  At,  and  the  result  is  axis  reversed  in  time, 
the  disaete  data  sequence  can  be  expressed  as 

/OO 

hTm{'n)HvnAt  -  •n)drj  -I-  e(-nAt).  (10) 

“OO 


The  sequence  /arm(^)  can  be  recovered  from  the  observed 
data  g{n)  by  deconvolution.  Deconvolution  of  noisy  data  is 
a  problem  that  has  been  extensively  studied,  and  numerous 
methods  exist  for  calculating  an  estimate,  /arm(’^)»  from  the 
recorded  B-dot  probe  signal  g{n).  In  general,  techniques  that 
take  advantage  of  all  a  priori  information  will  yield  better 
results.  Many  classes  of  data  have  values  that  are  limited  by 
physical  constraints  such  as  nonnegativity.  Attempts  to  restore 
this  type  of  data  with  linear  methods  may  produce  nonphysical 
results  such  as  negative  artifacts. 

Jansson’s  iterative  approach  is  based  upon  the  work  of  Van 
Cittert  [10].  With  Van  Cittert’s  approach,  successive  estimates 
are  achieved  by 

(n)  +  6[p(n)  -  Hn)  *  (n)],  (13) 


where  /wm(n)  is  the  fcth  estimate  of  /arm(ri),  b  is  termed  the 
relaxation  constant,  and  the  asterisk  (*)  is  a  shorthand  notation 
for  the  convolution  sum  given  in  (12).  Traditionally,  the  initial 
estimate  is  somewhat  arbitrarily  chosen  to  be 

=  9(”)-  (14) 


Van  Cittert’s  method  uses  the  correction  factor 


h{n)  *  /i?m(n)j  to  adjust  the  kth  estimate  of  Iaxm{n)  based 
upon  the  difference  between  the  actual  signal,  p(n),  and  the 
convolution,  h{x)  * 

If  the  physical  limits  of  the  data  are  known  a  priori, 
constraints  can  be  incorporated  into  Van  Cittert’s  equation 
to  take  advantage  of  the  prior  knowledge.  This  can  be  done 
by  modifying  the  correction  term  g{n)  —  h{n)  *  /Mm(»l)] 

by  a  relaxation  function  that  causes  corrections  to  liiLin) 
whenever  the  estimate  has  nonphysical  values. 

Jansson’s  method  constrains  successive  iterations  to  occur 
between  upper  and  lower  amplitude  bounds  that  correspond 
to  the  physical  limits  of  the  data.  The  upper  amplitude  bound 
is  the  maximum  peak  amplitude  of  the  current  distribution 
estimate,  and  the  lower  amplitude  bound  enforces  the  non¬ 
negativity  constraint.  The  deconvolution  algorithm  is  given 
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components  that  constitute  the  well-defined  features  in  the  sig¬ 
nal,  but  also  enhancing  the  high-frequency  noise  components 
at  an  even  faster  rate.  Therefore,  it  is  advantageous  to  remove 
as  much  noise  as  possible  from  the  signal  before  starting  the 
deconvolution  process  [6].  The  noise  can  be  removed  from  the 
recorded  B-dot  probe  signal  using  a  low-pass  filter. 

A  filtering  scheme  known  as  reblurring  [6]  provides  a  way 
of  reducing  the  high-frequency  noise  in  the  B-dot  probe  signal 
and  was  found  to  be  necessary  for  this  application.  In  this 
method,  the  signal  is  prefiltered  with  the  axis-reversed  impulse 
response  function  to  remove  high-frequency  noise  components 
as  follows: 

g'(n)  =  h{-n)  *  g{n).  (18) 


Fig.  2.  The  relaxation  function  used  in  Janssen’s  deconvolution  method. 


by 

■farm  (’^)  =  [^(n)  "  Ku)  *  /i?^(n)] 

(15) 

where  r{iiim{n)}  is  a  relaxation  function  given  by 


(16) 


In  (16),  c  is  the  upper  amplitude  bound,  and  the  first  estimate, 
lirLin),  is  given  by  (14).  The  relaxation  function  is  plotted 
in  Fig.  2.  By  examining  this  figure,  it  can  be  seen  that 
r{Iirm(n)}  makes  positive  corrections  if  the  estimate  lies 
within  its  physical  limits  (0  to  c)  and  reverse  corrections  if 
the  estimate  has  nonphysical  values.  The  amount  of  correction 
is  also  weighted  less  as  the  estimate  approaches  the  physical 
limits. 

The  ability  of  Jansson’s  method  to  converge  depends  on 
the  selection  of  the  relaxation  constant,  6.  If  the  signal-to- 
noise  ratio  of  the  data  is  relatively  high,  b  can  be  large  and  the 
solution  will  quickly  converge.  However,  if  the  signal-to-noise 
ratio  of  the  data  is  small,  b  must  be  a  small  number  or  else 
the  solution  will  diverge. 

In  order  to  determine  whether  the  solution  has  converged, 
the  mean  square  error  (MSE)  between  the  recorded  B-dot 
probe  signal  and  the  convolution  of  the  current  distribution 
estimate  with  the  B-dot  probe  impulse  response  function  can 
be  examined.  The  MSE  of  the  fcth  estimate  is  given  by 


1  ^-1  -,2 

MSE  =  ^  E  [^(n)  -  h(n)  *  (n)]  .  (17) 

n=0 

Convergence  can  be  determined  by  several  means.  The  most 
obvious  is  to  minimize  the  MSE,  which  may  require  many 
iterations.  To  reduce  computational  time,  the  number  of  itera¬ 
tions  can  be  reduced  by  stopping  the  algorithm  after  the  MSE 
or  a  percent  change  in  the  MSE  reaches  a  value  specified  by 
the  user. 

All  deconvolution  methods  are  limited  in  their  ability  to 
deconvolve  noisy  data  without  introducing  any  additional 
spurious  components.  This  limitation  is  caused  by  the  de- 
convolution  process  not  only  restoring  the  high-frequency 


This  requires  that,  in  the  deconvolution  algorithm,  the  impulse 
response  h(n)  should  also  be  modified  in  the  following 
manner: 


h\n)  =  h(n)  *  h(-n)  (19) 

The  new  functions,  g'(n)  and  h'(n),  replace  g(n)  and  h(n) 
respectively  in  (15).  (In  this  particular  application,  the  impulse 
response  is  symmetric,  so  h(n)  =  h(—n).)  This  technique 
can  be  looked  at  as  forming  the  cross-correlation  between 
the  B-dot  probe  data,  g(n),  and  the  probe  impulse  response, 
/i(n).  It  is  a  low-pass  filtering  operation  that  removes  signal 
components  that  are  not  common  to  both  g(n)  and  h(n), 
specifically,  the  high-frequency  noise. 

In  addition  to  removing  the  high-frequency  noise,  this 
filtering  technique  may  also  reduce  some  of  the  essential 
high-frequency  components  contained  in  the  B-dot  probe 
signal  which  permit  well-defined  features,  thus  reducing  the 
resolution  of  the  deconvolved  data.  This  reduction  in  resolution 
requires  an  increase  in  the  number  of  iterations  in  order  for  the 
deconvolution  process  to  converge  to  a  given  goal.  Therefore, 
a  trade-off  exists  between  noise  reduction  and  computational 
time  when  the  B-dot  probe  signal  is  filtered  in  this  manner. 

In  applying  the  iterative  algorithm  (14),  it  was  discovered 
that  h(n)  needed  to  be  normalized: 

M-l 

h{n)  =  1.  (20) 

n=0 

This  ensures  that  the  difference  g{n)  -  h{n)  *  /«m(n)  in  the 
correction  term  is  small.  Without  this  normalization,  large 
differences  could  result  in  the  correction  term  causing  the 
solution  to  diverge  rapidly. 

The  peak  amplitude  of  the  plasma  armature  current  distri¬ 
bution  is  not  known  a  priori.  This  poses  a  problem  since  the 
wrong  selection  for  c  will  have  adverse  effects  on  the  solution. 
Fig.  3  shows  the  effects  of  choosing  c  to  be  smaller  than  the 
actual  peak  amplitude  of  the  estimate  iarmin)-  The  peak  of  the 
armature  current  density  is  truncated  in  response  to  the  reverse 
corrections  made  for  estimates  whose  amplitudes  are  greater 
than  c.  Fig.  4  shows  the  effects  if  c  is  chosen  to  be  too  large. 
In  this  case,  c  was  chosen  to  be  twice  the  peak  amplitude  of 
the  B-dot  probe  signal.  The  largest  corrections  are  made  near 
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Fig.  3.  Typical  output  resulting  from  choosing  the  upper  bound  c  to  be 
smaller  than  actual  peak  height. 


the  peak,  resulting  in  the  production  of  artifacts  near  the  peak 
not  present  in  the  original  signal. 

A  method  for  determining  an  approximate  peak  amplitude 
for  the  estimate  of  the  current  density  iaxm{f^)  been 
developed  based  upon  updating  the  value  for  the  upper  bound 
with  each  iteration.  In  order  to  determine  the  approximate 
amplitude  that  will  be  achieved  with  Jansson’s  method,  one 
iteration  is  performed  using  Van  Cittert’s  method.  The  value 
for  is  selected  to  be  10%  greater  than  the  maximum 
amplitude  achieved  with  this  iteration.  Jansson’s  method  is 
then  implemented  with  this  selection  for  However,  after 
each  iteration,  the  value  of  is  adjusted  to  be  10%  greater 
than  the  maximum  amplitude  achieved  with  the  previous 
iteration.  This  method  of  selecting  has  been  tested  using 
simulated  B-dot  probe  signals  and  works  extremely  well.  Fig. 
5  shows  the  results  of  deconvolving  a  simulated  B-dot  probe 
signal  using  this  method. 


Fig.  5.  Typical  output  resulting  from  choosing  the  upper  bound  c^*^  itera¬ 
tively  based  on  first  estimate  from  Van  Cittert’s  method. 

A  computer  program  was  written  to  minimize  the  MSE 
between  the  B-dot  probe  signal  and  the  estimate  convolved 
with  the  B-dot  probe  impulse  response  function.  However, 
in  testing  with  simulated  B-dot  probe  signals,  it  required 
hundreds  of  iterations  for  the  solution  to  converge.  Upon 
examining  results  obtained  with  the  MSE  minimization,  it  was 
discovered  that  after  the  percent  change  in  the  MSE  was  less 
than  1%,  there  was  no  noticeable  difference  in  the  successive 
iterations.  To  reduce  the  computational  time,  the  program  has 
been  modified  to  allow  the  user  to  specify  the  cutoff  point 
based  on  the  percentage  change  in  the  MSE. 

In  using  Jansson’s  method  to  deconvolve  B-dot  probe  data 
from  the  UTSI  railgun,  it  was  discovered  that  acceptable 
results  can  be  achieved  by  stopping  the  iterations  when  the 
percentage  change  in  the  MSE  drops  below  1%.  A  value  of 
1.5  for  6  was  found  to  work  well  with  recorded  B-dot  probe 
signals  from  the  UTSI  railgun.  With  the  values  for  the  MSE 
and  b  selected  as  stated  above,  from  50  to  100  iterations  were 
required  for  the  solution  to  converge. 

IV.  Results 

To  illustrate  the  effectiveness  of  this  method,  numerical 
simulations  were  conducted  with  simulated  and  experimental 
B-dot  probe  signals.  The  simulated  B-dot  probe  signals  were 
generated  in  the  manner  described  in  [8]  and  [9].  In  order 
to  resemble  signals  recorded  from  the  UTSI  railgun,  the  simu¬ 
lated  signals  were  corrupted  with  noise  by  adding  unconelated 
Gaussian  random  numbers  with  a  standard  deviation  of  0.129 
and  quantized  to  64  levels. 

To  examine  the  effectiveness  of  using  Jansson’s  method 
to  deconvolve  B-dot  probe  signals,  the  algorithm  w^  tested 
on  simulated  B-dot  probe  signals.  Fig.  6  shows  a  simulated 
B-dot  probe  signal  with  its  known  armature  cunent  density 
axis-reversed  and  scaled  to  the  time  sampling  interval.  In 
deconvolving  the  simulated  signal,  the  iterations  were  stopped 
when  the  percentage  change  in  the  MSE  dropped  below  1%. 
Fig.  7  shows  the  resulting  armature  current  density  estimates 
obtained  using  both  Jansson’s  method  and  the  Wiener  filter 
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Fig.  6.  Simulated  B-dot  signal  with  known  armature  current  density. 


Fig.  7.  Comparison  of  results  obtained  by  deconvolving  a  simulated  B-dot 
probe  signal  with  Jansson’s  method  and  with  a  Wiener  filter. 


approach  of  [4].  Note  that  Janssen's  method  does  not  produce 
the  “ringing”  associated  with  linear  filtering  methods.  The 
deconvolution  results  obtained  with  Jansson's  method  using 
simulated  B-dot  probe  signals  are  very  encouraging.  Simu¬ 
lated  B-dot  probe  signals  were  constructed  with  different  rail 
current,  position,  and  velocity  profiles,  with  similar  results. 

Jansson’s  method  has  been  used  on  several  UTSI  railgun 
firings.  Fig.  8  shows  one  example  of  a  digitized  B-dot  probe 
signal.  Note  that  the  signal  in  this  figure  has  negative  values, 
which  are  a  result  of  the  negative  dlldt  of  the  rail  current. 
Fig.  9  shows  the  resulting  armature  current  distribution  after 
deconvolving  the  experimental  signal  using  Jansson’s  method. 
Also  shown  in  Fig.  9  is  the  B-dot  probe  signal  plotted  in 
the  spatial  coordinate  x  to  compare  it  with  the  solution. 
Note  that  the  negative  values  have  been  removed  owing  to 
the  nonnegativity  constraint  enforced  by  Jansson’s  method, 
corresponding  to  the  a  priori  knowledge  of  the  physical 
properties  of  the  armature. 

Jansson’s  deconvolution  method  for  estimating  the  armature 


Fig.  8.  Experimental  B-dot  probe  signal. 


Fig.  9.  Deconvolved  experimental  B-dot  probe  signal. 


current  density  has  been  adapted  for  routine  use  in  analyzing 
B-dot  probe  signals.  The  algorithm  given  in  (15)  has  been 
implemented  with  a  FORTRAN  program  written  for  IBM- 
compatible  computers.  It  requires  approximately  25  min  for 
the  program  to  perform  50  iterations  on  2048  samples  when 
running  on  a  system  with  an  80286  processor  and  a  math 
coprocessor. 

V.  Conclusions 

A  method  for  estimating  the  plasma  armature  current  distri¬ 
bution  from  recorded  B-dot  probe  signals  has  been  presented. 
This  method  utilizes  the  knowledge  that  the  B-dot  probe  signal 
is  a  convolution  of  the  plasma  armature  cunent  density  with 
the  B-dot  probe  impulse  response  function. 

The  functional  form  of  the  armature  current  distribution  is 
estimated  by  deconvolving  the  B-dot  probe  signal.  Jansson’s 
relaxation-based  nonlinear  iterative  deconvolution  method  has 
been  developed  for  use  with  recorded  B-dot  probe  signals.  The 
deconvolution  algorithm  requires  knowledge  of  only  the  B- 
dot  probe  impulse  response  and  the  maximum  peak  amplitude 


438 


IEEE  TRANSACTIONS  ON  PLASMA  SCIENCE,  VOL.  20,  NO.  4,  AUGUST  1992 


of  the  armature  current  density.  Since  the  peak  amplitude  is 
not  known  a  priori,  a  method  was  developed  to  calculate 
an  estimate.  Examining  methods  for  determining  the  peak 
amplitude  is  an  area  of  continuing  research. 

Numerical  simulations  on  simulated  B-dot  probe  signals 
have  been  conducted  to  examine  the  effectiveness  of  this 
method.  The  current  density  estimates,  determined  through 
deconvolution  of  the  simulated  signals,  have  given  much 
improved  results  over  the  linear  deconvolution  schemes  previ¬ 
ously  used.  This  method  has  also  been  applied  to  actual  railgun 
firings,  and  the  results  obtained  show  improvements  over  those 
from  the  previously  used  Wiener  filter  method. 
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ABSTRACT 


In  the  past  few  years  it  has  been  determined  that  conventional  railguns 
have  nearly  reached  their  velocity  limits  due  to  ablation  of  rail  and  insulator 
materials.  The  UTSI  transaugmented  railgun  was  constructed  to  conduct 
experiments  to  investigate  the  potential  of  augmentation  in  increasing  the  force  on 
the  plasma  armature  without  increasing  armature  current.  Preliminary 
experiments  were  performed  to  obtain  values  for  the  self  and  mutual  inductances 
of  the  UTSI  railgun  which  were  needed  for  performance  evaluations.  The 
experiments  consisted  of  generating  a  current  pulse  on  one  of  the  sets  of  rails  and 
measuring  the  voltage  and  current  induced  on  the  other  set  of  rails.  From  the 
measurements,  the  inductances  were  calculated. 

Classical  railgun  shots  were  performed  to  determine  an  ablation  constant, 
the  force  on  the  projectile  due  to  the  pressure  from  the  light  gas  gun  and  the 
vaporization  of  the  fuse.  Augmented  shots  in  which  the  operating  current  on  the 
inner  rail  was  the  same  as  one  of  the  classical  shots  were  performed.  Using  the 
parameters  obtained  from  the  unaugmented  shots,  simulations  were  performed  for 
the  augmented  shots.  The  velocity  profiles  obtained  from  experimental  data  were 
not  in  agreement  with  the  predicted  values.  The  experimental  increase  in  velocity 
due  to  the  augmenting  field  was  approximately  half  the  predicted  value. 
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Methods  were  developed  for  determining  the  position,  velocity,  and  functional 
form  of  a  plasma  armature  from  B-dot  probe  signals.  The  B-dot  probe  signal  is 
shown  to  be  a  convolution  of  the  armature  current  density  with  the  B-dot  probe 
impulse  response.  The  methods  described  here  were  developed  utilizing  the  knowl¬ 
edge  that  the  probe  signal  is  a  convolution. 

The  method  for  determining  the  armature  position  and  velocity  utilizes  the 
physical  processes  governing  the  plasma  armatime  to  model  the  leading  edge  of  the 
armature  as  a  unit-step  function.  The  model  is  convolved  with  the  B-dot  probe 
impulse  response  to  give  the  probe  unit-step  response  which  is  a  function  of  the 
velocity  and  time  of  passage  of  the  leading  edge  of  the  armatiure.  The  unit-step 
response  is  compared  with  the  B-dot  probe  signal  using  a  local-area  cross-correlation 
calculation.  Two-parameter  iteration  determines  the  time  of  passage  and  velocity 
estimates  as  the  values  for  which  the  correlation  coefficient  is  maximized. 

The  functional  form  of  the  plasma  armature  is  estimated  by  deconvolving  the 
B-dot  probe  signal  to  recover  the  armature  current  density.  Jansson’s  relaxation 
based  nonlinear  iterative  method  has  been  developed  for  use  with  B-dot  probe 
signals,  and  it  is  presented  as  a  method  for  estimating  the  armature  current  density. 
This  approach  has  advantages  over  other  methods  in  that  only  the  physical  limits 
of  the  data  need  to  be  known. 

Verification  of  these  methods  was  performed  using  simulated  B-dot  probe  sig¬ 
nals.  The  simulations  indicate  that  estimates  within  10  sampling  intervals  for  the 
time  of  passage  and  5  percent  for  the  velocity  are  achievable.  Figures  are  presented 
of  position  versus  time  and  velocity  versus  time  for  simulated  and  experimental 
data.  Current  density  estimates  gave  improved  results  over  previously  used  meth- 

iii 


ods.  Plots  of  deconvolved  armature  current  distributions  axe  shown  for  simulated 
and  experimental  data.  Also,  Jansson’s  method  estimate  is  compared  to  the  Wiener 
filter  estimate.  Application  of  these  methods  to  experimental  B-dot  probe  signals 
has  been  performed  with  encouraging  results. 
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Cross-Correlation-Based  Method  for  Determining  the 
Position  and  Velocity  of  a  Railgun  Plasma  Armature 

From  B-Dot  Probe  Signals 
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Abstract — In  this  paper  we  present  a  method  of  determining 
the  position  and  velocity  of  a  plasma  armature  from  B-dot  probe 
signals.  This  method  utilizes  the  physical  processes  governing  the 
plasma  armature  current  density  to  model  the  leading  edge  of 
the  armature  as  a  unit  step  function.  This  model  of  the  current 
profile  is  convolved  with  the  impulse  response  of  the  probe  and 
compared  with  B-dot  probe  data  via  a  local-area  cross-correlation 
(LACC)  coefficient.  Two-parameter  iteration  determines  the  time 
of  passage  and  velocity  of  the  leading  edge  of  the  armature  as  the 
values  for  which  the  correlation  is  maximized.  Results  obtained 
using  this  technique  indicate  that  significant  improvement  in 
accuracy  for  time  of  passage  estimates  can  be  obtained  over 
previous  ad  hoc  methods.  Velocity  estimates  from  individual  B-dot 
probe  signals  can  also  be  obtained. 

L  Introduction 

CURRENT  probes,  termed  B-dot  probes,  are  a  useful 
diagnostic  instrumentation  technique  for  the  analysis 
of  electromagnetic  launcher  (railgun)  performance,  A  B-dot 
probe  is  a  small  cylindrical  coil  that  produces  an  output  voltage 
proportional  to  the  time  rate  of  change  of  the  magnetic  field 
component  parallel  to  the  axis  of  the  coil.  Passage  of  the 
plasma  armature  by  a  B-dot  probe  located  near  the  barrel  of 
a  railgun  produces  a  voltage  pulse  whose  functional  form  is 
dependent  upon  the  orientation  of  the  probe. 

By  placing  several  probes  along  the  length  of  the  railgun 
barrel,  the  time  at  which  the  armature  passes  each  probe  can 
be  measured  from  the  time  of  occurrence  of  the  voltage  pulse. 
The  probe  position  versus  time  of  passage  of  the  armature  is 
often  taken  as  being  indicative  of  the  projectile  motion  from 
which  position,  velocity,  and  acceleration  data  are  inferred.  A 
fundamental  problem  exists,  however,  in  determining  precisely 
the  location  of  the  projectile  from  the  B-dot  probe  signal.  Even 
with  the  obvious  assumption  that  the  rear  of  the  projectile 
coincides  with  the  leading  edge  of  the  plasma  armature  current 
density,  it  is  difficult  to  determine  unambiguously  the  location 
of  the  leading  edge  from  the  B-dot  probe  signal,  since  its 
response  is  proportional  to  the  magnetic  field  (i.e.,  not  to  the 
current  distribution  causing  it). 

Presently,  several  methods  are  used  to  determine  the  loca¬ 
tion  of  the  leading  edge  of  the  armature.  With  the  B-dot  probe 
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oriented  to  sense  the  armature  current,  the  probe  signal  is  a 
bimodal  pulse  consisting  of  a  positive  and  a  negative  portion. 
Jamison  and  Burden  [1]  use  the  first  peak  as  the  armature 
position.  Cobb  [2]  has  verified  the  approach  of  Jamison  and 
Burden  by  measuring  plasma  emission  with  a  photo-diode 
located  at  the  same  position  as  a  B-dot  probe,  and  showed 
that  the  leading  edge  of  the  armature  is  approximately  adjacent 
to  the  probe  at  the  first  maximum.  With  the  B-dot  probe 
oriented  to  sense  the  rail  current,  the  probe  signal  consists  of 
a  unidirectional  pulse.  The  B-dot  probes  on  the  University  of 
Tennessee  Space  Institute  (UTSI)  railgun  are  oriented  in  this 
fashion.  Previously,  the  leading  edge  passage  was  taken  as 
the  time  at  which  the  curve  reaches  one-half  of  its  maximum 
value.  Parker  [3]  speaks  of  integrating  the  probe  signal  and 
drawing  a  straight  line  coincident  with  the  most  steeply  rising 
segment  of  the  curve  to  give  the  armature  position, 

Cobb  [2],  [4]  has  developed  a  method  to  determine  the 
current  distribution  in  the  railgun  rUsma  armature  by  least- 
squares  fitting  the  B-dot  coil  voltage.  The  fitted  parameters 
provide  information  on  the  armature  position  and  velocity,  the 
current  distribution,  and  the  dynamic  features  of  the  armature. 
However,  this  method  requires  a  substantial  amount  of  time 
to  compute  the  armature  parameters.  Also,  a  functional  form 
for  the  entire  armature  is  assumed. 

All  of  these  approaches  have  limitations  and  drawbacks 
due  to  their  ad  hoc  and  heuristic  natures.  Neither  the  known 
response  of  the  B-dot  probe  nor  the  physical  processes  gov¬ 
erning  plasma  armature  current  densities  are  utilized.  Often, 
the  techniques  rely  upon  “eyeball”  measurements  and  human 
operator  judgment,  or  as  in  the  approach  of  Cobb,  a  priori 
assumptions  about  the  armature  are  made.  The  effects  of  noise 
upon  such  measurement  methods  can  be  significant,  but  are 
rarely  considered.  Thus  a  great  deal  of  ambiguity  as  well  as 
the  possibility  of  error  is  inherent  in  these  previous  approaches. 

In  this  paper  we  present  a  method  based  upon  a  local-area 
cross-correlation  (LACC)  calculation  to  determine  unambigu¬ 
ously  the  location  of  the  leading  edge  of  the  plasma  armature 
current  density  from  B-dot  probe  signals.  As  with  Cobb’s 
method,  this  technique  has  the  notable  added  advantage  that 
the  velocity  of  the  armature  can  also  be  determined  from  a 
single  B-dot  probe  signal.  Based  upon  the  work  of  Keefer  [5], 
Sloan  [6],  and  Powell  and  Batteh  [7],  who  showed  that  the 
current  density  peaks  toward  the  projectile/armature  interface, 
we  have  modeled  the  leading  edge  of  the  current  profile 
as  that  of  a  unit  step  function.  Then  using  the  results  of 
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Smith  and  Keefer  [8],  which  showed  that  the  B-dot  probe 
signal  is  a  convolution  of  the  armature  current  profile  with 
a  spatially  varying  impulse  response  function  and  that  it  is 
dependent  in  form  upon  the  velocity,  a  series  of  unit  step 
B-dot  probe  responses  are  calculated.  These  curves,  limited 
to  a  finite  region,  are  then  used  to  calculate  cross-correlation 
coefficients  with  correspondingly  limited  regions  of  the  B- 
dot  probe  data.  Two-parameter  iteration  to  determine  the  peak 
cross-correlation  value  yields  the  optimal  values  for  the  time 
of  passage  and  velocity  estimates. 

The  background  equations  and  notation  are  presented  in  the 
following  section.  In  Section  HI,  the  unit  step  response  of  a  B- 
dot  probe  is  derived,  the  local-area  cross-correlation  coefficient 
developed,  and  its  implementation  for  this  application  is 
described.  Section  IV  presents  numerical  results,  both  for 
simulated  B-dot  probe  data  as  well  as  data  from  actual  railgun 
firings.  Discussion  and  conclusions  are  given  in  Section  V. 


II.  Background  Equations 


The  voltage  signal  induced  in  a  B-dot  probe  can  be  found 
from  Faraday’s  Law  and  is  given  by: 


V  =  NA 


dBn 

dt 


(1) 


where  N  is  the  number  of  turns  in  the  coil,  A  is  the  area  of  one 
turn,  and  Bn  is  the  component  of  the  magnetic  field  parallel 
to  the  probe  normal  n.  The  magnetic  induction  B  produced  at 
a  point  r  in  space  by  a  distribution  of  currents  is  determined 
by  the  Biot-Savart  law. 


J{r')x{r-r') 

Ir-r'is 


d^r 


(2) 


where  J(r')  is  the  current  density  located  at  the  point  r'. 

In  a  previous  paper  [8]  these  relations  were  used  to  show 
that  under  certain  simplifying  assumptions,  a  B-dot  probe 
voltage  signal  consists  of  a  convolution  of  the  armature 
current  distribution  with  an  impulse  response  function.  A 
derivation  is  found  in  the  cited  reference.  For  completeness 
and  consistency  with  the  present  notation,  a  separate  brief 
derivation  is  presented  here. 

The  railgun  circuit  model  is  shown  in  Fig.  1  and  consists  of  a 
current  loop  lying  in  the  x-y  plane.  The  rails  are  oriented  along 
the  X  direction  and  are  modeled  as  infinitely  thin  conductors 
carrying  a  total  gun  current  /q.  The  B-dot  probe  is  oriented  to 
sense  the  y  component  of  the  magnetic  field  and  is  located  at 
a  longitudinal  distance  x  from  the  origin,  at  a  radial  distance 
ri  from  the  nearer  rail  and  at  an  angle  6i  from  the  z  direction. 
The  breech  of  the  gun  banel  is  assumed  to  lie  at  a  sufficient 
distance  from  the  probe  to  approximate  -oo.  The  effect  of  the 
current  in  the  farther  rail  was  neglected  in  the  previous  paper. 

The  armature  current  distribution  (current  per  unit  length) 
is  denoted,  /arm(^),  and  is  modeled  as  moving  with  velocity 
V  in  the  x  direction.  As  shown  in  Fig.  1,  it  lies  in  the  moving 
^  coordinate  system,  with  its  leading  edge  at  ^  =  0.  At  time 
t  =  to,  the  leading  edge  of  the  current  distribution  passes  the 
B-dot  probe.  Near  the  time  to  as  the  armature  passes  the  probe, 
a  signal  pulse  is  produced  which  deviates  firoin  the  quiescent 


value  for  a  short  time  interval.  For  typical  railgun  firings  this 
interval  is  on  the  order  of  100  /zs.  It  is  assumed  that  over, 
this  time  interval  the  velocity  v  and  total  current  lo  remain 
constant,  and  that  the  shape  of  the  armature  current  distribution 
/arm(C)  1^6  moving  Coordinate  system  does  not  change. 

With  these  assumptions;  the  x  component  of  the  current  in 
the  rails  at  time  t  near  time  to  is  given  by: 

/x'-[x+v(t-to)] 

(3) 

•OO 

From  the  Biot-Savart  law  (2),  the  y  component  of  the  magnetic 
field  at  the  probe  location  at  time  f  can  be  expressed  explicitly 
as: 


By{t)  =  cos^i 

4x 


/: 


I{x') 


oo  [rj  -h  (a:  —  x')^] 


3/2 


dx\  (4) 


This  expression  can  be  cast  into  the  form  of  a  convolution 
integral  via  a  method  similar  to  that  described  in  [8].  Following 
substitution  of  (3)  into  (4),  the  change  of  variables  tj  = 
x'  --  [x  -h  v{t  -  ^o)]  is  made,  the  resulting  expression  is 
differentiated  with  respect  to  time  t,  and  integration  by  parts  is 
carried  out.  The  B-dot  probe  response  can  thereby  be  shown 
to  be  proportional  to: 


dBn 


u-x^y  /Xo  n 

-rr  =  -T^yriCosOi 
dt  47r 


£ 


-farm(^) 


[rl  +  {v{to  -t)-  Tif\ 


3/2 


dr}. 


(5) 

The  integral  in  (5)  can  be  recognized  as  the  one-dimensional 
convolution  of  the  armature  current  distribution  /arm  (a:)  with 
an  impulse  response  function  hi{x)  with  the  substitution 
X  =  v{to  -  t)  in  the  result.  The  impulse  response  function 
of  the  B-dot  probe  for  a  single  rail  is  thus  given  by: 


hi{x)  = 


fjiQ  vri  cos  9\ 
[rl  +  x'^f'^ 


(6) 


where  the  convolution  is  performed  with  respect  to  the  variable 
X.  Note  that  the  B-dot  probe  signal  is  time  varying,  and  that  its 
temporal  variation  is  dependent  in  form  upon  the  velocity  v. 

In  the  section  to  follow,  this  result  will  be  extended  to 
include  the  effect  of  the  current  in  the  farther  rail.  That  result 
in  turn  will  be  used  to  develop  the  local-area  cross-correlation 
method  for  determining  the  time  of  passage  and  velocity  of 
the  leading  edge  of  the  armature. 


III.  Description  of  the  Method 

In  the  previous  section  the  impulse  response  function  of  the 
B-dot  probe  for  a  single  rail  was  determined.  For  practical 
purposes,  the  impulse  response  due  to  the  current  in  both  rails 
should  be  considered.  The  impulse  response  function  due  to 
the  current  in  the  farther  rail  can  be  found  by  the  method 
outlined  in  Section  II.  The  probe  is  located  a  radial  distance 
r2  from  the  farther  rail,  and  at  an  angle  82  from  the  z  direction. 
The  current  in  the  farther  rail  is  assumed  to  be  given  by  (3), 
but  is  in  the  opposite  direction  from  that  of  the  current  in  the 
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Fig.  1.  Circuit  model  used  to  derive  the  expression  for  the  B-dot  probe  response  to  a  passing  armature. 


Fig.  2.  The  B-dot  probe  unit  step  response  for  velocities  of  750, 1500,  and  2250  m/s  using  position  parameters  from  the  UTSl  railgun. 

nearer  rail.  This  induces  a  magnetic  field  in  the  y  direction  B-dot  probe  -due  to  the  current  in  the  farther  rail  is. 
opposite  in  sign  to  that  induced  by  the  current  in  the  nearer 

rail.  The  expression  for  the  y  component  of  the  magnetic  field  h2{x)  =  “  7“^ - 

at  the  probe  location  due  to  the  farther  rail  current  is  thus  given  [^2  ^  1 

by  the  negative  of  (4)  with  the  radial  distance  and  angle  for 

the  farther  rail.  Therefore  the  impulse  response  function  of  the  By  superposition,  the  impulse  response  function  of  the  B-dot 
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probe  due  to  the  cunent  in  both  rails  can  be  expressed  as: 


I./  ^ 

h{x)  =  — 
^  A'k 


VTi  cos  9i 


VT2  cos  62 


(8) 


Keefer  [5],  Sloan  [6],  and  Powell  and  Batteh  [7]  have  shown 
that  the  current  in  the  railgun  plasma  armature  peaks  near 
the  base  of  the  projectile.  Keefer  states  that  for  a  railgun 
plasma  armature,  there  are  thermal  mechanisms  which  do 
not  exist  for  solid  armatures  that  tend  to  move  the  peak  of 
the  current  density  forward  toward  the  base  of  the  projectile, 
thereby  mitigating  the  tendency  of  the  velocity  skin  effect 
to  concentrate  the  current  density  toward  the  rear.  Sloan 
states  that  armature  resistance  varies  as  a  function  of  both 


temperature  and  pressure,  and  such  dependence  leads  to  a 
forward  peaking  of  current  toward  the  projectile/armature 
interface.  Powell  and  Batteh  have  shown  that  the  pressure, 
mass  density,  and  electron  density  are  maximum  near  the 
projectile  surface,  while  temperature  and  cunent  density  peak 
near  the  projectile  surface.  An  assumption  is  therefore  made 
that  the  functional  form  of  the  leading  edge  of  the  plasma 
armature  current  density  can  be  modeled  as  a  unit  step 
function: 


hrmix)  =  u(a:)  = 


1,  if  2;  >  0 
0,  if  a:  <  0. 


(9) 


The  amplitude  of  the  current  profile  is  irrelevant  in  the 
correlation  coefficient  calculation,  and  so  it  is  set  equal  to 
unity  for  simplicity  of  notation. 

Since  the  B-dot  probe  signal  has  been  shown  to  be  a 


convolution  of  the  armature  current  density  with  the  probe 
impulse  response  function,  the  impulse  response  function  (8) 
can  be  convolved  with  the  unit  step  function  (9)  to  give  the 
probe  unit  step  response: 


h{x)  *  u{x)  =  ^ 


VTi  COS  9i 

[r\  +  r?2] 


3/2 


VT2  cos  92 


dr]. 

(10) 


The  probe  unit  step  response,  f{v{to  -  t))  —  h{x)  * 

can  be  found  by  solving  the  integral  in  (10), 

which  yields: 


f{v{to-t))  = 


Alt 


v{to  -  t)  cos  ^1  _  cos  9i 


,  Jr?  +  n 


v(io  ~  t)  cos  62 
r2\/rf+vHto-^ 


COS^2 

r2 


.  (11) 


The  B-dot  probe  unit  step  response  shown  in  (11)  is  used  as 
a  model  of  the  B-dot  probe  signal  for  the  leading  edge  of  the 
armature.  The  probe  unit  step  response  is  thus  dependent  on 
two  parameters,  velocity  v  and  time  of  passage  of  the  leading 
edge  of  the  armature  to,  with  time  t  as  its  independent  variable. 
Fig.  2  shows  the  resulting  curves  for  velocities  of  750,  1500, 
and  2250  m/s  calculated  at  a  0.2  ns  sampling  interval  using 
position  parameters  from  UTSI  B-dot  probes.  The  time  of 
passage  of  the  armature  in  these  curves  is  found  at  time  zero. 
Note  that  as  the  velocity  increases,  the  slope  of  the  curve  at 
the  time  of  passage  {to  =  0)  also  increases.  By  comparing  the 
curves  to  actual  B-dot  probe  signals,  the  time  of  passage  of 
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Fig.  4.  Simulated  B-dot  probe  signal  as  a  function  of  time.  Also  shown  is  the  probe  unit  step  response  at  the  known  time  of 

passage  (0.8498  ms)  and  armature  velocity  (1920  m/s). 


the  armature  can  be  determined  and  its  velocity  estimated. 

The  cross-conelation  coefficient  of  two  signals  is  often  used 
to  measure  the  similarity  between  them  [9].  Ideally,  the  corre¬ 
lation  coefficient  is  unity,  but  because  the  relationship  between 
the  two  signals  may  be  nonlinear  and/or  there  is  noise  in  the 
measurements,  the  value  is  often  less  than  unity.  However, 
the  closer  the  calculated  correlation  coefficient  is  to  unity,  the 
more  similar  the  signals  are  in  functional  form.  In  comparing 
a  B-dot  probe  signal  to  the  probe  unit  step  response  (11), 
a  standard  method  of  determining  the  correlation  coefficient 
cannot  be  used.  The  correlation  is  to  be  examined  over  the 
entire  signal,  but  only  for  a  selected  fixed-length  interval.  The 
unit  step  response  is  thus  calculated  for  Iq  =  0,  over  a  selected 
range  of  time  f,  and  compared  with  different  intervals  of  the 
shifted  B-dot  probe  signal.  Modifying  the  standard  equation  for 
determining  the  correlation  coefficient,  we  define  the  LACC 
coefficient  in  the  following  manner: 


pito,v) 


//"  b{t  +  to)f{-vt)dt 


(12) 


where  b{t  -j-  to)  is  the  shifted  B-dot  probe  signal,  f{-vt)  is 
the  probe  unit  step  response  (11),  and  to  is  the  estimated  time 
of  passage  at  which  the  correlation  between  the  B-dot  probe 
signal  and  probe  unit  step  response  is  being  examined.  The 
limits  ti  and  t2  give  the  time  interval  over  which  the  unit  step 
response  model  is  taken  to  be  valid.  The  correlation  makes  a 


comparison  over  the  stated  interval,  and  it  is  dependent  on  both 
velocity  and  time.  Although  the  comparison  is  made  only  over 
the  defined  interval,  the  B-dot  probe  signal  is  shifted  when  the 
next  interval  of  the  probe  signal  is  to  be  examined.  After  the 
entire  probe  signal  has  been  examined,  the  shift  value  yielding 
the  maximum  correlation  coefficient  is  then  taken  to  be  the 
time  of  passage  of  the  armature,  and  the  velocity  at  this  point 
is  taken  to  be  the  estimated  armature  velocity. 

From  the  definition  of  the  LACC  coefficient  (12)  and  the 
B-dot  probe  unit  step  response  (11),  the  point  gf  maximum 
correlation  between  the  B-dot  probe  signal  and  probe  unit  step 
response  is  taken  to  be  the  time  of  passage  of  the  armature. 
The  velocity  of  the  probe  unit  step  response  at  this  point  is  the 
estimated  armature  velocity.  The  time  of  maximum  correlation 
thus  gives  the  time  at  which  the  B-dot  signal  is  most  similar 
to  the  unit  step  response  of  the  probe  at  the  location  of  the 
leading  edge  of  the  armature. 

Approximation  of  the  integral  in  (12)  by  rectangular  rule 
integration  yields  the  LACC  coefficient  for  discretized  data: 

^  b{{k  i)At)  f{-ivAt) 

p{kALv)  =  . . .  . ^  '  ■  ■■  (13) 

Jt  bmk  +  i)At) 

y  i=m  i—m 

Using  a  two  variable  iterative  approach,  the  time  of  passage, 
given  by  kAt,  and  the  estimated  velocity  of  the  armature  are 
found. 
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Fig.  7.  Armature  position  and  velocity  data  for  a  complete  UTSI  railgun  firing.  The  values  shown  were  obtained  from  the 

B*dot  probe  unit  step  response. 


The  iterative  procedure  involves  checking  the  leading  edge 
of  the  unidirectional  B-dot  probe  signal  at  the  times  between 
25  and  75%  of  the  signal  maximum.  A  FORTRAN  program  is 
used  to  determine  the  point  of  maximum  correlation  over  this 
portion  of  the  signal.  With  a  given  initial  velocity  estimate 
input  by  the  user,  the  program  finds  the  point  of  maximum 
correlation.  This  point  is  held  fixed  while  the  velocity  is  varied 
between  500  m/s  below  to  500  m/s  above  the  initial  velocity, 
until  the  velocity  that  gives  the  largest  correlation  coefficient 
is  determined.  Using  the  new  velocity,  the  leading  edge  of  the 
B-dot  probe  signal  is  re-examined  until  the  point  of  maximum 
correlation  is  found.  This  procedure  is  repeated  until  the  time- 
of-passage  estimate  converges  to  within  one  sample  interval 
and  the  velocity  estimate  converges  to  within  10  m/s.  More 
precision  in  these  values  could  be  attained  with  additional 
computation.  This  procedure  requires  approximately  3  min 
of  computer  time  on  an  IBM  compatible  with  an  80286/287 
processor  running  at  16  MHz. 

The  time  interval  over  which  the  unit  step  response 
is  taken  to  be  valid  was  determined  through  numerical 
trials  using  simulated  B-dot  probe  signals.  Since  Jamison 
and  Burden  [1],  Sloan  [6],  and  others  have  assumed  the 
functional  form  of  the  armature  current  density  to  be  a 
truncated  Gaussian  curve,  a  known  armature  current  density 
was  produced  by  truncating  a  Gaussian  curve  on  one  side 
to  simulate  a  current  distribution  with  a  discontinuous  rise 
in  current.  The  equation  for  this  current  profile  is  given 


by: 


(x-0.12)2 

0.0032  ’ 


ifx<  0.152 
otherwise 


(14) 


where  x  is  in  meters.  This  distribution  simulates  an  armature 
approximately  15  cm  in  length.  This  current  density  was 
convolved  with  the  B-dot  probe  impulse  response  function 
(8)  for  different  velocity  values  using  parameters  from  the 
UTSI  railgun,  and  corrupted  with  noise  by  adding  uncor¬ 
related  Gaussian  random  numbers,  giving  simulated  B-dot 
probe  signals.  Using  these  signals,  the  time  of  passage  and 
the  estimated  velocity  were  determined  using  the  iterative 
procedure  described  previously.  The  time  interval  over  which 
the  unit  step  response  can  be  assumed  to  be  valid  was 
determined  by  examining  several  known  current  densities 
using  different  time  intervals.  The  interval  was  varied  until 
the  velocity  estimates  were  within  5%  and  the  time  of  passage 
estimates  were  within  1.6  /xs  of  the  known  values.  The 
interval,  as  defined  by  the  variables  m  and  n,  was  selected 
to  start  and  stop  at  the  times  where  the  unit  step  response 
reached  1.5  and  98.5%  of  its  maximum  value,  respectively. 
Note  that  this  interval  will  vary  in  length  with  the  value  of 
velocity.  These  limits  provide  a  range  over  which  a  sharply 
rising  leading  edge  in  armature  current  produces  a  probe 
signal  which  approximates  the  unit  step  response  of  the  B-dot 
probe. 
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IV.  Results 

To  illustrate  the  effectiveness  of  the  cross-correlation-based 
method  for  determining  the  position  and  velocity  of  Ae 
armature  from  B-dot  probe  signals,  a  numerical  simulation 
with  a  known  armature  current  density  was  conducted.  In 
order  to  generate  B-dot  signals  which  resemble  B-dot  signals 
recorded  from  railguns,  the  armature  velocity  and  rail  current 
must  vary  with  time.  The  armature  current  distribution  was 
chosen  to  be  the  product  of  the  time-varying  total  gun  current 
I{t)  with  a  spatially  varying  pulse  form  p{x),  and  the  velocity 
was  assumed  to  be  a  time-varying  quantity  V{t).  Note  that  the 
three-dimensional  characteristics  of  the  railgun  and  armature 
or  the  possibility  of  the  arrnamre  changing  its  form  were  not 
considered  in  the  following  analysis.  The  x  component  of  the 
current  in  the  rails  at  time  t  is  given  by: 

r  rx'-’[x4'V’(t)(t— to)] 


/  P{0d(  =  1-  (16) 

Using  the  Biot-Savart  law  (2),  an  expression  for  By{t)  can  be 
obtained.  The  B-dot  probe  response  due  to  the  current  in  one 
rail  can  then  be  determined  and  is  proportional  to: 

dt  L  dt  1-^2  +  [V{t)(tQ  -  i)  - 

+m[v{t)-{h-t)—\ 

■  r  - — — ^^4 1'’) 

Applying  (17)  for  both  rails,  simulated  B-dot  probe  signals 


TABLE  I 

Results  for  Simulated  B-Dot  Probe  Signals.  Known  and  Computed 
Times  of  Passage  and  Velocities  Given 


Known 

Velocity 

(m/s) 

Estimated 

Velocity 

(m/s) 

Known  Time 
of  Passage 
(ms) 

Time  of 
Maximum 
Correlation ' 
(ms) 

1325 

1320 

0.4838 

0.4856 

1354 

1340 

0.4998 

0.5016 

1413 

1410 

0.5298 

0.5318 

1455 

1460 

0.5498 

0.5516 

1920 

1990 

0,8498 

0.8502 

2143 

2190 

1.1498 

1.1502 

2258 

2310 

1.4798 

1.4800 

dt  A'K  dt  7  —  00  r_0  t 


Simulated  B-dot  probe  signals  for  this  armature  current 
density,  rail  current  profile,  and  velocity  profile  were  con¬ 
structed  at  several  different  known  times  of  passage.  The 
iterative  procedure  described  in  the  previous  section  was  used 
to  determine  the  time  of  passage  and  estimated  velocity  for 
these  known  current  densities.  Table  I  gives  a  comparison  of 
the  known  times  of  passage  and  velocities  with  the  estimated 
times  of  passage  and  velocities.  The  computed  velocities 
are  plotted  in  Fig.  5,  along  with  the  known  velocity  profile 
AocA  nf  rnmnarison.  The  estimated  velocity  results  are 


can  be  generated. 

The  validity  of  the  LACC  approach  to  determining  the 
position  and  velocity  of  the  armature  was  examined  using 
simulated  B-dot  probe  data  produced  in  the  manner  described 
above.  Fig.  3  gives  the  railgun  current  and  armature  velocity 
profiles  used  in  generating  one  set  of  B-dot  probe  data,  "^e 
simulated  B-dot  signals  were  corrupted  with  noise  by  adding 
uncorrelated  Gaussian  random  numbers.  The  conductor  to 
probe  distances  and  angles  correspond  to  probe  locations  in 
the  UTSI  railgun  (ri  =  0.023659  m;  r2  =  0.029028  m; 
$1  =  22.74°;  O2  =  41.26°).  The  data  was  acquired  at  a  0.2 
/iS  sampling  interval.  Shown  in  Fig.  4  is  a  simulated  B-dot 
probe  signal,  where  the  known  time  of  passage  and  velocity 
of  the  armature  are  0.8498  ms  and  1920  m/s,  respectively. 
Also  shown  in  Fig.  4  is  the  scaled  unit  step  response  (11) 
evaluated  at  the  known  time  of  the  passage  and  velocity  of 
the  armature,  where  it  has  been  extended  beyond  the  interval 
over  which  it  is  taken  to  be  valid  for  presentation  purposes. 
Using  the  iterative  process  described  in  the  previous  section, 
the  estimated  time  of  passage  was  determined  to  be  0.8502  ms, 
and  the  velocity,  1990  m/s.  The  computed  time  of  passage  is 
only  two  sampling  intervals  from  the  known  value,  while  the 
velocity  estimate  is  within  5%  of  the  known  value. 


very  encouraging.  By  examining  Table  I,  it  can  be  seen  | 
that  the  estimated  velocities  are  very  similar  to  the  known  ' 
velocities  (within  5%).  These  results  show  that  for  known  I 
armature  cunent  densities,  constructed  in  the  manner  described  ■ 
above,  this  method  works  extremely  well  in  determining 
the  time  of  passage  and  velocity  of  the  armature.  Simu-  I 
lated  B-dot  signals  were  constructed  with  different  railgun  | 
current  and  velocity  profiles,  and  similar  results  were  ob-  1 

tained.  I 

The  cross-correlation-based  method  has  been  used  on  sev-  | 
eral  .UTSI  railgun  firings.  Fig.  6  shows  one  example  of  a  j 
digitized  B-dot  probe  signal  acquired  at  a  0.2  ps  sampling  j 
interval.  In  determining  the  time  of  passage  of  the  armature,  I 
the  velocity  was  estimated  to  be  1600  m/s.  Also  shown  in  " 
Fig.  6  is  the  scaled  unit  step  response  (11)  evaluated  at  1600  I 
m/s  and  located  at  the  computed  time  of  passage,  where  it  has  I 
been  extended  beyond  the  interval  over  which  it  is  taken  to  be  I 
valid  for  presentation  purposes.  An  analysis  of  a  typical  UTSI  , 
railgun  firing  follows.  I 

Table  II  gives  the  B-dot  probe  position,  armature  velocity,| 
time  of  passage  of  the  armature,  and  the  maximum  conelation 
for  all  the  B-dot  probes  on  one  UTSI  railgun  firing.  The  time  ! 
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TABLE  II 

Results  for  UTSI  Railgun  Firing.  B-Dot  Probe  Position  Given 
Along  with  VELOcm-.  Time  of  Passage,  and  Maximum  Correlation 
AS  Computed  from  the  LACC  Coefficient 


and  5%  for  the  velocity  estimate  are  achievable  with  this 
method.  Application  to  actual  railgun  firing  data  has  been 
performed  with  encouraging  results. 


B-Dot 

Probe 

Estimated 

Armature 

Maximum 

Probe 

Position 

Velocity 

Time  of 

Correlation 

Number 

(mm) 

(m/s) 

Passage 

(ms) 

7 

490.00 

920 

0.4484 

0.9995774 

9 

590.00 

1260 

0.5244 

0.9997101 

10 

640.00 

1230 

0.5568 

0.9996501 

11 

732.71 

1600 

0.6174 

0.9992909 

12 

790.00 

1690 

0.6540 

0.9990039 

13 

840.00 

1850 

0.6840 

0.9992103 

14 

890.00 

1730 

0.7132 

0.9988849 

15 

932.80 

1790 

0.7368 

0.9991789 

16 

990.04 

1850 

0.7696 

0.9994166 

17 

1040.04 

1990 

0.7956 

0.9990333 

18 

1090.04 

2030 

0.8214 

0.9992125 

of  passage,  armature  velocity,  and  maximum  correlation  were 
computed  using  the  iterative  process  described  in  the  previous 
section.  The  computed  time  of  passage  and  velocity  of  the 
armature  are  plotted  in  Fig.  7  for  visual  interpretation.  Note 
the  nonmonatonic  variations  in  the  estimated  velocities.  This 
is  currently  under  investigation,  and  it  is  believed  to  be  due 
to  misaligned  B-dot  probes. 
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V.  Conclusions 

A  method  for  determining  the  time  of  passage  of  a  plasma 
armature  and  estimating  its  velocity  from  B-dot  probe  signals, 
where  the  probe  is  oriented  to  sense  the  rail  current,  has 
been  presented.  This  method  is  based  on  calculating  a  local- 
area  cross-correlation  coefficient  between  the  B-dot  probe 
signal  and  B-dot  probe  unit  step  response  using  a  two- 
parameter  iterative  approach.  The  unit  step  response  is  used, 
since  it  was  assumed  that  the  leading  edge  of  the  armature 
current  density  could  be  modeled  as  a  unit  step  function. 
Numerical  simulations  on  simulated  B-dot  probe  data  indicate 
that  accuracies  within  2.0  /iS  for  the  time  of  passage  estimate 
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abstract 

Absolute  spectral  radiance  measurements  have  been  ob- 
t  iined  simultaneously  at  the  rail  and  insulator  surfaces  of  the 
T' TSI  1  cm  square-bore  railgun.  The  emission  spectra  were 
obtained  through  the  use  of  quartz  optical  fibers  which  pen¬ 
etrated  both  the  rail  and  the  insulator  walls.  The  spectral 
characteristics  of  the  rail  and  insulator  emission  are  quite  sim¬ 
ilar  but  differ  significantly  in  magnitude.  A  detailed  plasma 
radiation  model  was  used  to  analyze  these  spectra.  In  order 
to  obtain  reasonable  agreement  between  the  model  predictions 
and  the  experimental  spectra,  it  was  necessary  to  assume  that 
there  existed  a  broadband  absorbing  layer  at  the  insulator  sur- 
f.  ce.  This  result  suggests  a  new  physical  model  of  the  plasma 
r.  .mature  in  which  insulator  ablation  leads  to  significant  3- 
dimensional  fiow  and  affects  the  shape  of  the  current  emission 
pattern  on  the  rail  surfaces. 

INTRODUCTION 

Previous  attempts  at  understanding  the  radiation  and  fiow 
characteristics  of  the  railgun  plasma  armatures  using  emission 
spectroscopy  have  been  restricted  to  data  taken  through  optical 
I  orts  on  the  insulator  walls  [l].  These  studies  used  the  time  av¬ 
eraged  emission  spectra  taken  at  the  insulator  surface,  and  have 
provided  invaluable  information  on  some  of  the  main  plasma 
parameters  such  as  the  plasma  armature  centerline  tempera¬ 
ture,  the  temperature  profile,  and  the  plasma  composition. 

Due  to  the  inherent  complexity  of  the  flow  in  railgun 
plasma  armatures,  measured  radiation  at  the  rail  surface  is 
not  expected  to  be  similar  to  that  on  the  insulator  surface. 
Ill  order  to  investigate  the  differences  in  the  boundary  layer 
r’laxacteristics  on  the  rail  and  the  insulator  surfaces,  time  re¬ 
solved  simultaneous  emission  spectra  have  been  recorded  at 
noax  peak  current  using  quartz  fiber  optics  and  two  optical 
systems  consisting  of  spectrometers  and  optical  multichannel 
analyzers  (OMA). 

A  detailed  plasma  radiation  model  developed  previously 
[ij,  has  been  used  to  predict  the  temperature  profile  and  the 
average  plasma  composition  based  on  the  experimentally  ob- 
t.tined  spectra.  In  this  paper,  we  report  on  the  measured  si- 
nuiltaneous  radiation  spectra  and  their  spectral  features,  and 
uLilizc  the  plasma  radiation  model  predictions  to  formulate  a 
physical  mod<fi  of  plasma  armatures  which  results  from  abla¬ 
tion  and  ablation  product  removal  through  the  boundary  layers 
and  is  consistent  with  the  observed  spectra. 

EXPERIMENT 

The  UTSI  railgun  has  a  1  cm  square  bore  and  is  2.2  m  in 
-•  ngth,  consisting  of  a  1.1  m  light  gas  gun  and  a  1.1  m  rail- 
m.  The  single  stage  light  gas  gun  accelerates  a  polycarbonate 


projectile  into  the  railgun  with  a  velocity  of  approximately  1 
km/s.  The  railgun  is  powered  by  a  240  kJ  capacitor  discharge 
power  supply.  Projectile  position  and  velocity  in  the  railgun  is 
determined  by  signals  obtained  from  an  array  of  20  magnetic 
pick-up  coils  (rail  B-dot  probes)  positioned  along  the  length  of 
the  gun.  A  fast-  response  piezoelectric  pressure  transducer  is 
located  near  the  midpoint  of  the  barrel  to  provide  an  indepen¬ 
dent  measurement  of  the  plasma  pressure. 

Quartz  optical  fibers  were  used  to  measure  spectral  radi- 
axice  at  the  rail  and  insulator  surfaces.  The  two  optical  sys¬ 
tems  were  calibrated  for  absolute  spectral  radiance  using  both 
a  tungsten  strip  filament  standard  lamp  and  a  standard  deu¬ 
terium  Isunp.  The  spectral  calibration  was  accomplished  using 
spectral  emission  lines  from  mercury  and  neon  low  pressure 
discharge  lamps.  The  optical  fibers  were  placed  at  the  bore 
centerline  approximately  57  mm  downstream  of  the  pressure 
transducer.  Knowledge  of  the  plasma  velocity  in  the  railgun 
enabled  us  to  use  the  pressure  transducer  signal  to  estimate 
the  plasma  pressure  at  the  position  of  the  optical  ports.  The 
OMAs  were  triggered  simultaneously  to  obtain  a  1  microsec¬ 
ond  exposure  at  a  time  which  corresponded  to  the  peak  current 
density  in  the  plasma  armature.  The  barrel  was  fitted  with 
Glidcop  AL60  rails  and  G-9  insulators.  The  peak  gun  current 
for  this  experiment  was  approximately  140  kA  and,  using  a 
1.5  gram  projectile,  the  muzzle  velocity  was  approximately  2 
km/s.  Details  of  the  UTSI  railgim  facilities  and  data  acquisi¬ 
tion  techniques  have  been  described  elsewhere  [2]. 

RADIATION  MODEL 

The  plasma  radiation  model  developed  at  UTSI  [1]  calcu¬ 
lates  the  plasma  emission  spectra  for  a  given  pressure,  center- 
line  temperature,  temperature  profile,  and  plasma  constituents. 
The  model  assumes  LTE  which  has  been  shown  to  be  valid  for 
these  plasmas  [1].  The  model  further  assumes  that  the  trans¬ 
verse  temperature  profile  of  the  plasma  has  the  simple  analytic 
form  proposed  by  Tidman  et  al.  [3]  which  is  given  by 


where  To  is  the  centerline  temperature,  D  is  the  channel  halfwidth, 
and  N  is  a  parameter  adopted  from  turbulent  fluid  mechanics 
theory  for  fully  developed  pipe  flows.  Due  to  the  abundance 
of  liydrogen  in  the  projectile  and  the  insulator  material,  the 
only  elements  considered  in  the  model  were  hydrogen,  copper 
(rails),  and  aluminum  (fuse). 

The  calculation  of  the  emission  and  ai)sorption  cooflicients 
for  hydrogen  was  based  on  the  formulae  by  Gri(.*iu  (4.5).  The 
Gaunt  factors  used  in  the  continuum  relation  were  taken  from 
Karzas  and  Latter  [6].  Stark  broadening  of  the  spectral  lines 
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in  the  plasma  core  and  other  broadening  mechanisms,  such  as 
resonance  and  van  dcr  Waals  broadening  m  the  cooler  regions 
near  the  boundary,  have  been  taken  into  account.  The  radi¬ 
ation  emitted  by  the  plasma  is  calculated  using  the  radiation 
transfer  equation  given  by  [7) 
c{j') 


/j/(  j)  —  li/b  J  j 


I  e(x')exp 
Jo 


dx' 


r 

ht{T) 


dx‘  (2) 


where  is  the  spectral  radiance,  Ii,b[T)  is  the  blackbocly  spec¬ 
tral  radiance,  and  e  is  the  emission  coefficient.  This  equation 
is  numerically  integrated  from  the  centerline  out  to  the  edge  of 
the  channel  for  each  wavelength  within  the  spectral  region  of 
interest. 


DISCUSSION  OF  RESULTS 


The  spectra  obtained  in  the  wavelength  interval  front  300 
to  440  nm  are  shown  in  Figure  1.  The  spectral  characteristics 
of  the  rail  and  insulator  emission  are  quite  similar,  but  the 
amplitude  of  the  rail  signal  is  significantly  larger  than  that  of 
the  insulator.  The  spectrum  consists  of  continuum  radiation 
from  the  high  temperature  plasma  originating  in  the  interior  of 
plasma  armature  and  resonant  absorption  lines  from  the  cooler 
material  near  the  surface  of  the  bore.  The  strong  absorption 
fines  have  been  identified  as  those  belonging  to  copper  and 
aluminum.  Other  lines  have  been  identified  as  calcium  (from 
insulator  material),  and  iron,  which  was  a  contaminant  that 
remained  on  the  bore  surfaces  after  bore  honing  and  cleaning. 


Figure  1 .  Experimentally  obtained  spectra  through  rail  and  insulator. 


The  radiation  transfer  model,  used  to  analyze  the  spectra, 
assumes  that  the  plasma  is  composed  of  three  components,  hy¬ 
drogen,  copper,  and  aluminum.  Neglect  of  the  other  elements 
found  in  the  insulator  material  should  have  little  impact  on 
the  radiation  transfer  calculations,  since  the  insulator  prod¬ 
ucts  have  no  strong  absorption  lines  in  this  spectral  region. 
The  depth  and  broadening  of  the  copper  and  aluminum  lines 
are  determined,  primarily,  by  the  concentration  of  these  species 
in  the  viscous  boundary'  layer.  The  spectral  features  are  similar 
for  both  the  rail  and  insulator  emission.  The  model  indicated 
that  the  concentration  of  aluminum  is  approximately  15%  and 
copper  is  approximately  15%  in  either  the  rail  or  the  insulator 
boundar}^  layer.  Since  the  centerline  temperature  which  enters 


the  model  must  be  the  same  for  both  the  rail  and  the  insu¬ 
lator,  we  found  that  it  was  impossible  to  predict  the  30-fol(l 
difference  in  absolute  intensity  by  adjusting  the  shape  of  the 
temperature  distribution.  In  order  to  obtain  reasonable  agree¬ 
ment,  it  was  necessary  to  assume  that  there  was  a  broadband 
absorbing  layer  at  the  surface  of  the  insulator.  This  layer  could 
consist  of  a  dense  liquid  layer  of  insulator  decomposition  prod¬ 
ucts  and/or  particulate  matter.  The  comparison  between  the 
model  predictions  and  the  observed  spectra  is  shown  in  Figure 
2. 


Figure  2.  Comparison  of  the  radiation  model  predictions  to  the  observed 
spectra. 


The  final  set  of  parameters  used  in  the  model  to  obtain  rea¬ 
sonable  agreement  with  the  observed  spectra  was  Tq  =  20,  OOC 
K  and  N  =  10  for  both  rail  and  insulator  spectra,  although 
a  thin  layer  of  broadband  absorbing  media  with  an  adjustable 
absorption  coefficient  was  added  to  the  insulator  surface.  The 
absorption  coefficient  of  this  layer  was  adjusted  to  obtain  agree¬ 
ment  with  the  experimental  data. 

These  spectral  data,  together  with  our  earlier  comparisons 
of  the  time  dependent  emission  from  rail  and  insulator  fiberop¬ 
tic  probes  [2],  suggest  important  differences  in  the  character  of 
the  boundary  layers  formed  on  the  rails  and  insulators.  Figure 
3  shows  a  schematic  representation  of  these  boundary  layers. 
At  the  Tdll  surface,  the  current  density  is  continuous  and  the 
JxB  force  extends  to  the  rail  surface,  resulting  in  noimal  ve¬ 
locity  and  temperature  boundary  layer  profiles.  However,  on 
the  insulator  surface  the  cooling  produced  by  ablation  and  the 
absorption  of  radiation  in  the  ablation  products  result  in  a 
thicker  temper-ature  boundary  layer.  The  lower  electrical  con¬ 
ductivity  in  this  cooler  layer  results  in  reduced  current  density 
near  the  insulator  surface.  Since  the  cun*cnt  density  is  reduced 
near  the  insulator  surface,  the  JxB  force  can  no  longer  bahmee 
the  hydrostatic  pressure  in  the  plasma,  and  material  from  the 
armature  is  lost  through  the  insulator  boundary  layer.  This 
produces  a  strong  cross  flow  which  can  rapidly  transfer  ma¬ 
terial  from  the  rail  surface  to  the  insulator  surface,  therefore 
explaining  the  similarity  in  the  observed  absolution  spectra. 
Much  of  the  material  ablated  from  the  surface  of  the  insula¬ 
tor  is  also  lost  through  this  boundary’  layer,  since  there  is  no 
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strong  JxB  force  to  accelerate  the  ablation  products  into  the  in  Figure  4.  Crawford  et  al.  [8]  have  observed  flow  patterns  on 
moving  armature.  On  the  other  hand,  the  products  from  rail  surfaces  of  recovered  hybrid  armatures  which  are  entire  y 

ablation  can  be  accelerated  into  the  moving  armature  since  the  consistent  with  this  physical  model. 

JxB  force  extends  all  the  way  to  the  rail  surface. 


Temperature/Current  Density 
y  * 


CONCLUSION 

In-bore,  simultaneous,  time-resolved  spectral  emission  from 
plasma  armatures  has  now  been  observed  in  the  UTSI  railgun 
using  both  rail  and  insulator  fiberoptic  probes.  Analysis  of 
these  data  has  led  us  to  propose  a  new  physical  model  of  the 
plasma  armature  in  whi^  insulator  ablation  leads  to  signifi¬ 
cant  3- dimensional  flow  and  affects  the  shape  of  the  current 
emission  pattern  on  the  rail  surfaces. 


Velocity 


Figure  3.  tllustralion  of  the  various  boundary  layer  profiles  at  the  rail 
and  the  insulator. 

Based  on  these  qualitative  conclusions  concerning  the  bound¬ 
ary  layers,  we  have  constructed  a  physical  model  of  the  re¬ 
sulting  flows  in  the  plasma  armatme.  A  strong  3-dimensional 
flow  develops  in  the  armature  with  material  being  added  from 
the  rails  and  lost  through  the  insulator  boundary  layer.  This 
low  of  material  from  the  armature  into  the  insulator  bound¬ 
ary  layer  would  explain  why  the  concentrations  of  copper  and 
aluminum  are  similar  in  both  the  rail  and  insulator  spectra. 
Since  large  volumes  of  matericd  are  ablated  from  the  insulator 
wall,  it  is  likely  that  when  these  products  expand  in  the  lower 
pressure  region  near  the  rear  of  the  armature,  the  thickness 
of  the  nonconducting  boundary  layer  will  increase,  resulting 
in  a  current  “footprint”  on  the  rail  that  resembles  an  airfoil 
shape.  This  model  of  the  plasma  armature  flow  is  illustrated 
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Figure  4.  Schematic  of  the  physical  model  describing  the  flow 
characteristics  of  railgun  plasma  armatures. 
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ABSTRACT 

A  current  research  effort  at  the  University  of  Tennessee 
Space  Institute  (UTSI]  is  devoted  to  the  development  of  diag¬ 
nostic  methods  for  the  study  of  railgun  armatures.  Recent 
investigations  suggest  that  hybrid  armatures  having  a  solid 
conducting  core  and  plasma  brushes  in  contact  with  the  rails 
may  offer  substantial  advantages  during  a  major  portion  of 
the  acceleration  in  a  hyper- velocity  railgun.  In  this  investiga¬ 
tion  six  hybrid  armature  designs  were  evaluated  in  the  UTSI 
one  centimeter  square  bore  railgun.  Advanced  diagnostic  in¬ 
strumentation  was  used  to  determine  the  characteristics  of  hy¬ 
brid  armatures  which  include  a  compound  armature  (current 
in  plasma  brushes  to  the  metal  armature  followed  by  a  plasma 
armature).  The  hybrid  armatures  were  compact  with  shorter 
current  distributions  than  plasma  armatures  as  measured  with 
both  optical  and  electromagnetic  probes.  Although  the  results 
are  preliminary,  due  to  the  limited  geometries  investigated,  the 
results  are  very  encouraging.  The  short  (less  than  one-bore  di¬ 
ameter)  hybrids  demonstrated  efficiencies  equal  to  or  greater 
than  plasma  armatiires  and  good  armature  stability. 

I.  INTRODUCTION 

A  continuing  research  program  at  the  University  of  Ten¬ 
nessee  Space  Institute  has  been  focused  on  the  development  of 
diagnostic  instrumentation  and  analytic  models  for  the  inves¬ 
tigation  of  railgun  armatures  [1,2,3].*  Because  of  the  recog¬ 
nized  velocity  limitations  of  solid  armatures  to  a  maximum  of 
2-3  kilometers/second,  and  the  plasma  armature  difficulties  in 
obtaining  velocities  greater  than  5-6  kilometers/second,  UTSI 
conducted  an  experimental  investigation  of  hybrid  armatures 
utilizing  proven  advanced  instrumentation  and  diagnostic  ca¬ 
pabilities.  This  paper  summarizes  the  objectives  and  results  of 
the  hybrid  armature  investigation. 

Thornhill,  Batteh  and  Brown  [4]  provided  a  definition  of 
a  hybrid  armature,  which  consists  of  a  metal  armature  with 
thin  plasma  brushes  between  the  rail  and  the  armature.  The 
metal  arrnature  is  attached  to  a  non-conducting  bore  rider  and 
gas  seal.  It  has  been  assumed  that  a  solid  armature  would 
transition  at  a  contact  limit  velocity  to  a  hybrid  armatiire  [5]. 

Until  this  investigation  the  hybrid  armature  current  distribu¬ 
tion  has  been  assumed  to  be  confined  to  the  metal  armattire 
and  plasma  brushes. 
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IL  OBJECTIVES 

The  investigation  of  the  operating  characteristics  of  hy¬ 
brid  armatures  for  railgun  projectiles  is  complicated  by  the 
large  nximber  of  design  variables  for  the  hybrid  armature.  A 
systematic  investigation  of  the  following  armature  design  vari¬ 
ables  would  be  required  to  fully  characterize  and  optimize  a 
hybrid  armature  for  a  specific  railgun  system. 

•  Metal  armature  length  to  bore  diameter  ratio 

•  Initial  plasma  brush  gap  thickness 

•  Insulator  wall  gap,  if  not  zero 

•  Axial  shape  of  metal,  i.e.  cylinder,  cone,  spike 

•  Armature  material,  Al,  Li,  Mg,  Cu,  W  ... 

•  Fuse  design,  fusing  technique 

To  limit  the  scope  of  the  UTSI  investigation,  the  follow¬ 
ing  research  objectives  and  associated  design  variations  were 
defined. 

a.  Determine  the  current  distribution  in  the  hybrid  ar¬ 
mature  (including  the  trailing  plasma  if  present) 

b.  Evaluate  muzzle  voltage  and  current  distribution  for 
level  and  stability 

c.  Evaluate  metal  armature  length  and  plasma  brush 
gap  effects  on  a.  and  b.  above 

d.  Compare  and  evaluate  performance  and  efficiency  of 
the  hybrid  designs  tested 

Current  distribution  and  muzzle  voltage  were  selected  for  de¬ 
tailed  investigation  because  of  the  insight  into  the  armature 
physics  provided  by  these  measurements.  UTSI  has  devel¬ 
oped  techniques  for  resolving  current  distribution  in  plasma 
armatures  using  optical  emission  data  and  B-dot  deconvolu¬ 
tion  [1,3]. 

m.  HYBRID  ARMATURE  DESIGN 

The  hybrid  projectiles  were  designed  with  an  armature 
length  of  one-bore  diameter  or  less.  The  aluminum  armatures 
were  securely  attached  to  a  polycarbonate  nose  piece  which 
served  as  a  bore  rider  and  gas  seal.  The  initial  plasma  brush 
gap  was  machined  into  the  hybrid  armature  along  with  a  small 
fuse  tab  to  initiate  the  plasma  brushes.  Figure  1  illustrates  the 
sbc  armature  designs  which  were  evaluated  in  this  investigation. 
The  logic  behind  the  selected  designs  is  explained  as  follows. 
The  baseline  armature  is  the  10  mm  (0.40")  long,  0.5-1.0  mm 
(0.02"  -  0.04")  narrow  gap  design.  The  10  mm  (0.40")  long, 
medium  gap  design  represents  the  recovered  configuration  of 
the  narrow  gap  design  after  firing  in  the  1-meter  railgun.  And 
likewise  the  wide  gap  design  reflects  the  recovered  configuration 


POLYCARBONATE 


ALUMINUM 


TABLE  1.  HYBRID  ARMATURE  EXPERIMENTAL  RESULTS 


RAIL  WALL 


Figure  1.  Hybrid  Armature  Designs 


of  the  medium  gap  design.  The  choice  of  armature  shape  for 
the  10  mm  (0.40")  long,  medium  gap  and  wide  gap  designs 
should  yield  performance  characteristics  similar  to  the  narrow 
gap  design  fired  in  a  longer  gun,  and  provide  insight  into  the 
influence  of  plasma  gap  on  armature  characteristics. 

The  baseline  design  was  then  shortened  to  75,  50  and  25 
percent  of  the  original  length  for  the  investigation  of  hybrid 
length  influence.  This  investigation  did  not  evaluate  configu¬ 
rations  with  combinations  of  variable  armature  gap  and  length. 
The  shorter  armatures  contain  less  parasitic  mass  to  accelerate 
and  should  lose  less  molten  material  due  to  plasma  fluid  flow. 

These  projectiles  were  designed  to  prevent  armature  blow- 
by  and  precursor  arcs.  The  armatures  were  also  bonded  to 
the  nose  piece  and  attached  with  a  stud  to  improve  projec¬ 
tile/armature  integrity.  The  machined  plasma  brush  gaps  lim¬ 
ited  the  transitioning  armature  mode  to  the  fusing  transient. 
Any  test  shot  in  which  the  metal  armature  separated  from  the 
nose  piece  was  not  evaluated  as  a  hybrid  armature  shot. 


ARMATURE 

INIT.  MASS 

fmil  gm 

FIN.  MASS 

gm 

INIT.  VEL. 

(vi)  m/s 

FIN.  VEL. 

ni/s 

PLASMA 

1.53 

1.53 

909 

1857 

10  mm  NG 

4.25 

2.92 

629 

1249 

10  mra  NG 

4.24 

2.92 

612 

1259 

10  mm  MG 

3.68 

2.65 

645 

1251 

10  mm  MG 

3.74 

2.68 

654 

1374 

10  mm  MG 

3.79 

2.67 

639 

1335 

10  mm  WG 

3.24 

2.38 

704 

1391 

10  mm  WG 

3.25 

2.34 

694 

1419 

10  mm  NG 

4.23 

2.81 

637 

1365 

PLASMA 

1.50 

1.50 

971 

1800 

2.5  mm  NG 

2.54 

2.03 

858 

1644 

5.0  mm  NG 

3,12 

2.51 

760 

1482 

7.5  mm  NG 

3.57 

2.87 

733 

1362 

2.5  mm  NG 

2.51 

2.01 

763 

1608 

2.5  mm  NG 

2.53 

2.02 

800 

1573 

5.0  mm  NG 

3.17 

2.42 

741 

1538 

7.5  mm  NG 

3.74 

2.71 

697 

1365 

NG  -  Narrow  Gap,  MG  -  Medium  Gap,  WG  -  Wide  Gap 


were  conducted  with  G-9  insulators  in  the  railgim.  High  qual¬ 
ity  optical  data  was  obtained  through  both  rail  and  insulator 
fiber  optics.  The  final  7  firings,  which  investigated  armature 
length,  were  conducted  with  Torlon  insulators.  Both  railgun 
barrels  were  identical  (Glidcop  rails)  except  for  the  insulator 
wall  material.  Poor  quality  optical  data  was  obtained  with  the 
Torlon  insulators.  The  rail  fibers  observed  the  initial  portion 
of  the  plasma  passage,  however  the  insulator  wall  fiber  optics 
were  completely  obscured  by  insulator  ablation  products.  This 
was  an  unexpected  result  due  to  the  improved  thermal  proper¬ 
ties  of  Torlon.  Thus  the  value  of  in-bore  optical  diagnostics  can 
be  strongly  influenced  by  insulator  materials.  Good  armatme 
current  distribution  was  obtained  from  the  20  H-dot  probes 
which  respond  to  rail  current.  Deconvolution  of  the  rail  jB- 
dots  in  combination  with  the  rail  fiber  optic  probes  provided 
good  definition  of  the  armature  current  distribution.  In  the 
following  section  the  six  armatures  will  be  evaluated  based  on 
current  distribution,  breech  and  muzzle  voltage,  performance 
efficiency,  and  armature  stability. 


IV.  EXPERIMENTAL  INVESTIGATION 

The  six  hybrid  armature  configurations  were  fired  in  the 
UTSI  railgun  which  has  a  one  centimeter  square  bore  and  a 
one  meter  length  [l],  A  single  stage,  one  meter  long,  light 
gas  injector  was  used  to  pre-accelerate  the  projectiles  into  the 
railgun.  Injection  velocity  ranges  from  600  meters /second  to 
900  meters /second  for  projectile  masses  of  4.25  to  1.50  grams. 
The  railgun  power  supply  was  operated  at  7000  volts  capaci¬ 
tor  charge,  which  corresponds  to  approximately  120  kilojoules 
stored  energy.  Peak  current  delivered  to  the  railgun  through 
the  pulse  shaping  inductor  was  nominally  140  kilo-amperes. 

A  total  of  15  hybrid  projectiles  were  successfully  tested 
during  thb  investigation,  and  the  results  presented  in  Table  1 
summarize  the  15  shots.  The  first  8  firings,  which  investigated 
the  influence  of  plasma  gap  thickness  on  the  10  mm  armatures, 


V.  HYBRID  ARMATURE  RESULTS 

Current  Distribution 

The  first  significant  experimental  observation  was  that  the 
hybrid  armature  is  really  a  compound  armature.  Part  of  the 
current  is  carried  by  plasma  brushes  to  the  metal  armature, 
and  the  remaining  current  is  carried  by  a  plasma  armature 
attached  to  the  rear  of  the  metal  armature.  The  division  of 
current  between  the  hybrid  armature  and  the  trailing  plasma 
is  determined  by  the  length  and  plasma  gap  size  of  the  metal 
armature.  Figure  2  shows  a  comparison  of  the  current  dis¬ 
tributions  in  a  plasma  armature  and  the  10  mm  narrow  gap 
hybrid  armature.  Both  the  deconvolved  B-dot  signals  and  rail 
optical  emission  profiles  are  presented  in  Figure  2.  The  decon¬ 
volved  B-dot  data  from  the  UTSI  railgun  has  a  resolution  of 
one-centimeter.  The  baseline  hybrid  armature  operates  with 


a  nearly  equal  current  split  between  the  1  cm  hybrid  and  the 
1  cm  trailing  plasma.  This  results  in  a  compound  armature 
which  is  about  one-fourth  the  length  of  the  pure  plasma  arma¬ 
ture.  All  sbc  hybrid  armature  designs  tested  operated  in  the 
compound  armature  mode  with  differences  in  the  current  split 
and  overall  armature  stability.  Figure  3  presents  typical  5-dot 
signatures  for  the  hybrid  armatures  compared  with  a  plasma 
armature.  The  data  presented  in  Figure  3  has  not  been  de- 


Figure  3.  Typical  B-Dot  Signatures  Plasma  vs  Hybrid 


convolved  and  is  plotted  as  a  function  of  time.  To  accurately 
evaluate  and  compare  current  distribution  the  deconvolved  5- 
dot  data  must  be  plotted  as  a  function  of  bore  position.  In 
Figure  3  the  faster  plasma  armature  appears  narrower  than 
it  would  on  a  bore  position  plot.  The  2.5  and  5.0  mm  hy¬ 
brid  armatures  have  current  distributions  only  slightly  shorter 
than  the  plasma.  The  7.5  and  10  mm  hybrid  armatures,  how¬ 
ever,  have  current  distributions  of  one-half  and  one-quarter  the 
plasma  length. 


Hybrid  Plasma  Flow  Field 

The  second  significant  experimental  result  was  unexpected 
and  provided  additional  insight  into  the  complex  three-dimen¬ 
sional  flow  field  in  the  plasma  armature.  The  hybrid  arma¬ 
tures  were  soft  recovered  after  firing,  and  the  metal  surfaces 
retained  the  ablated  metal  flow  patterns  driven  by  the  three- 
dimensional  plasma  flows.  Figure  4  clearly  shows  that  the  rail 
facing-surface  ablated  products  flows  toward  the  insulator  fac¬ 
ing  portion  of  the  metal  armature.  All  six  hybrid  armature 
designs  fit  tight  to  the  insulator  wall,  however  after  launch  sig¬ 
nificant  material  has  been  removed  from  the  insulator  facing 
sides  of  the  armature.  A  stagnation  line  is  clearly  visible  along 
the  insulator  sides  of  the  armature.  These  flow  patterns  con¬ 
firmed  results  from  the  plasma  armature  investigation  which 
suggested  that  the  non-conducting  ablated  insulator  wall  mate¬ 
rial  is  driven  rearward  along  the  insulator  wall  by  unbalanced 
pressure  forces.  The  stagnation  pattern  on  the  back  of  the 
metal  armature  is  consistent  with  high  forward  velocities  in 
the  center  of  the  trailing  plasma  armature.  It  is  important 
to  recognize  that  the  plasma  briishes  contain  very  high  pres¬ 
sure  gradients,  md  the  hybrid  armature  must  be  securely  at¬ 
tached  to  the  bore  rider/gas  seal  to  prevent  mechanical  failure 
or  plasma  blow-by. 


Figure  4.  Post  Fire  Armature  Flow  Patterns 
Breech  and  Muzzle  Voltage 

The  breech  and  muzzle  voltage  data  were  utilized  along 
with  gun  current  to  calculate  total  electrical  work  input  at  the 
breech,  armature  electromagnetic  work  and  impulse.  Figure  5 
presents  the  breech  and  muzzle  voltage  for  the  baseline,  10  mm, 
narrow  gap  hybrid  and  a  plasma  armature  at  the  same  current 
level.  The  baseline  hybrid  armature  had  about  100  volts  re¬ 
duction  in  breech  and  muzzle  voltage  compared  to  the  plasma 
armature.  As  the  plasma  brush  gap  is  increased  the  breech 
and  muzzle  voltage  increase  significantly.  Figure  6  shows  the 
influence  of  plasma  gap  on  muzzle  voltage  in  comparison  to 
plasma  muzzle  voltage.  Note  that  the  wide  gap,  10  mm,  ar¬ 
mature  muzzle  voltage  actually  exceeds  plasma  muzzle  voltage 
over  part  of  the  shot. 
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Figure  5.  Breech  and  Muzzle  Voltage,  Baseline  Hybrid  vs 
Plasma  Armature 


Comparison  of  muzzle  voltages  for  the  three  shortened  ar¬ 
matures  with  the  plasma  armature  shows  that  even  the  2.5 
mm  hybrid  has  a  significant  influence  on  armature  character¬ 
istics  (Figme  7).  The  shorter  the  metal  length  in  the  hybrid 
armature  the  closer  the  breech  and  muzzle  voltages  approach 
plasma  armatuxe  voltage  levels.  In  all  test  cases  the  metal 
hybrid  participated  in  current  sharing  with  the  accompanying 
plasma  armature  and  influenced  muzzle  voltage. 

Armature  Efficiency  and  Performance 

The  evaluation  of  hybrid  armature  performance  requires 
a  careful  definition  of  efficiency  due  to  the  changing  mass  of 
the  projectile.  Four  different  efficiencies  were  applied  to  the 
hybrid  armature  experimental  data  in  an  attempt  to  evaluate 
performance  improvements. 

Kinetic  energy  efficiency  is  defined  as  the  Increase  in  pro¬ 
jectile  kinetic  energy  divided  by  the  electromagnetic  work  of 
the  armature. 
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Figure  7.  Muzzle  Voltage,  Hybrid  Length  Influence 


Momentum  efficiency  is  defined  as  the  increase  in  projec¬ 
tile  momentum  divided  by  the  electromagnetic  impulse  of  the 
armature. 


Vmom  = 


m2V2  —  miVi 


Armature  efficiency  defined  by  Thornhill  [6]  ratios  the  pro¬ 
jectile  kinetic  energy  increase  to  total  energy  applied  to  the 
armature. 


Varm  = 


-  miv^) 


Total  gun  efficiency  is  defined  as  the  increase  in  projectile 
kinetic  energy  divided  by  total  electrical  energy  input  to  the 
gun  breech. 


^GUN  = 


j(fn2vi  -mivf) 


The  six  hybrid  armature  designs  and  a  plasma  armature 
were  evaluated  using  the  four  efficiency  definitions  above.  Fig¬ 
ure  8  shows  that  kinetic  energy  efficiency  increases  with  hybrid 
armature  length  to  5.0  mm  then  decreases  with  the  10  mm  NG 
armature  having  nearly  the  same  kinetic  energy  efficiency  as 
the  plasma  armature.  However  the  momentum  efficiency  is 
highest  for  the  plasma  armature  and  decreases  with  hybrid  ar¬ 
mature  length.  Armature  and  gun  efficiency  show  that  the 
plasma  and  2.5  mm  hybrid  armatures  have  nearly  the  same 
efficiency.  The  longer  hybrid  armatures  have  lower  overall  effi¬ 
ciency  which  may  be  due  in  part  to  molten  armature  material 
being  blown  off  by  the  plasma  flow.  The  data  symbols  in  Fig¬ 
ure  8  represent  the  average  value  of  efficiency  for  each  armature 
design.  The  “error  bars”  indicate  the  range  of  the  experimen¬ 
tal  data  including  measurement  error.  The  three  symbols  on 
the  10  mm  armature  efficiencies  represent  the  narrow,  medium 
and  wide  plasma  gap  designs.  In  all  cases  the  narrow  gap  had 
the  highest  efficiency  of  the  three  10  mm  armatures,  and  the 
wide  gap  had  the  lowest  efficiencies. 


REFERENCES 


Fig\ire  8.  Armature  Efficiency  Comparison 


Armature  Stability 

Secondary  armature  formation  in  plasma  armatures  has 
been  recognized  as  a  significant  phenomenon  limiting  maxi¬ 
mum  projectile  velocity.  Although  the  UTSI  hybrid  armature 
experiments  were  conducted  at  velocities  below  expected  sec¬ 
ondary  armature  formation,  the  hybrid  armatures  remained 
compact  and  demonstrated  stable  characteristics.  The  wide- 
gap  hybrid  armatures  produced  some  irregular  current  distri¬ 
butions  in  mid-bore,  but  stabilized  to  single  smooth  current 
distributions  before  muzzle  exit.  The  2.5  and  5.0  mm  hybrid 
armatures  also  demonstrate  occasional  mid-bore  current  dis¬ 
tribution  irregularities,  which  damped  out  before  muzzle  exit. 
High  velocity  hybrid  experiments  will  be  required  to  evaluate 
and  confirm  the  potential  stabilizing  influence  of  the  metal  va¬ 
por  seeding  from  hybrid  armatures. 

VI.  CONCLUSIONS 

Although  this  investigation  was  conducted  in  a  one  meter 
long,  one  centimeter  square  bore  railgun  the  results  indicate 
that  short  hybrid  armatures  offer  improved  armatiiie  charac¬ 
teristics.  The  shorter  hybrid  armature  current  distribution  has 
the  potential  for  reducing  bore  erosion  and  improving  armature 
stability.  The  reduced  muzzle  voltage  of  the  hybrid  armatures 
improves  armature  efficiency  through  reduced  heating  losses. 
The  2.5  and  5.0  mm  hybrid  armatures  had  performance  effi¬ 
ciencies  as  good  or  better  than  the  plasma  armature. 

Additional  research  is  required  to  determine  hybrid  arma¬ 
ture  performance  at  high  velocity  and  in  larger  railguns.  The 
metal  vapor  seeding  provided  by  the  hybrid  armature  may  im¬ 
prove  stability  of  armature  current  distribution  and  prevent 
armature  bifurcation  and  loss  of  acceleration.  The  hybrid  ao*- 
mature  may  offer  the  best  solution  to  the  present  plasma  ar¬ 
mature  velocity  limits. 


1.  D.  Keefer  and  R.  Crawford,  “Optical  Diagnostics  of  Rail- 
gun  Plasma  Armatures,”  IEEE  Trans,  on  Magnetir.g^  Vol. 
25,  No.  1,  Jan.  1989,  pp.  295-299. 

2.  A.  Sedghinasab,  D.  Keefer,  and  H.  Crowder,  “In-bore  Spec¬ 
tral  Measurements  in  a  Plasma  Armature  Railgun,”  IEEE 
Trans,  on  Plasma  Science.  Vol.  17,  No.  3,  June  1989,  pp. 
360-364. 

3.  L.  M.  Smith  and  D,  Keefer,  “Railgun  Armature  Plasma- 
Current  Density  From  Deconvolved  R-Dot  Probe  Signals,” 
IEEE  Trans,  on  Plasma  Science.  Vol.  17,  No.  3,  June 
1989,  pp.  501-506. 

4.  L.  Thornhill,  J.  Batteh,  and  J.  Brown,  “Armature  Options 
for  Hypervelocity  Railguns,”  IEEE  Trans,  on  Magnetics. 
Vol.  25,  No.  1,  Jan.  1989,  pp.  552-557. 

5.  D.  Kuhimann-Wilsdorf,  J.  Cuardos,  and  M.  Skidmore, 
“Insights  Gained  From  Tests  of  Solid  Armatures  With  and 
Without  Payload  in  a  15  mm  EML,”  IEEE  Trans,  on  Mag¬ 
netics.  Vol.  25,  No.  1,  Jan.  1989,  pp.  316-322. 

6.  L.  Thornhill,  J.  Batteh,  and  D.  Littrell,  “Scaling  Study  for 
the  Performance  of  Railgun  Armatures,”  IEEE  Trans,  on 
Plasma  Science.  Vol.  17,  No.  3,  June  1989,  pp.  409-  421. 


